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Abstract
Foraminifera make excellent archives of past oceans and climate because they
grow calcium carbonate shells which incorporate trace element and stable
isotopes that reflect the seawater conditions in which they grow. This study
aims to: (i) improve understanding of the factors that influence trace element
and stable isotope incorporation into foraminifera shells, and (ii) improve
proxy calibrations for reconstructing past ocean carbonate system parameters
and temperature. To do this, I have cultured living foraminifers in seawaters
that have a wide range of cation and carbonate chemistry compositions. The
shells produced by these foraminifers have been analysed by a laser abla-
tion ICP-MS microanalysis techniques that is able to quantify compositional
variation within shells, and provide bulk shell composition estimates for in-
dividual and populations of shells grown in experiments, as well estimates
of shell growth rates. The study has focussed on three specific objectives: (i)
formalising the sensitivity of shell trace element to calcium (TE/Ca) ratios to
changes in seawater composition, (ii) establishing the response of bulk shell
TE/Ca compositions to carbonate system chemistry and shell growth rates
linked to the calcite saturation state of seawater, and (iii) characterising the
responses of intra-shell TE/Ca and boron isotope composition to changes in
the carbonate system chemistry of the foraminiferal microenvironment over
diurnal cycles due to variation in respiration, calcification, and symbiont pho-
tosynthesis.
To fully quantify the effect that changes in the [Mg/Ca] ratio of seawater has
on the foraminifer shell Mg/Ca thermometer, both seawater [Mg] and [Ca]
concentrations were varied independently in culture experiments. Results
from these experiments has permitted the shell Mg/Ca thermometer to be
recalibrated to account for the effects of past changes in seawater [Mg/Ca]
ratio and [Ca] concentration. This new calibration has been applied to previ-
ously published shell Mg/Ca composition records spanning the Cenozoic
vii
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and to the Paleocene-Eocene Thermal Event (PETM), revealing significant
differences to earlier temperature reconstructions, in particular marked step
changes in deep ocean temperature at the Eocene-Oligocene boundary and a
factor of two larger change in surface ocean temperatures across the PETM
event.
Culture experiments on Orbulina universa were also used to investigate the ef-
fects of different carbonate system parameters; pH, DIC and [CO32-] and also
seawater [Ca] and calcite saturation state on shell B/Ca, Mg/Ca, Mn/Ca,
Sr/Ca and U/Ca compositions. Linear shell calcification rates obtained from
the length of laser ablation depth profiles facilitated the analysis of shell
growth rate effects from the same experiments. Seawater DIC concentra-
tion was found to form significant correlations with B/Ca, Sr/Ca and Mg/Ca
shell compositions, and seawater [CO32-] concentration had the dominant ef-
fect on U/Ca. Sr/Ca could serve as a new proxy for DIC, as it is not strongly
influenced by other seawater parameters, and changes in seawater DIC will
need to be considered when using proxies such as B/Ca, Mg/Ca or U/Ca to
interpret past seawater conditions. Orbulina universa exhibits a narrow (2.5x)
range in shell growth rates over a wide range in calcite saturation state of
experimental seawaters, indicating shell growth is highly regulated.
Orbulina universa shells cultured in boron and uranium enriched seawaters
are investigated for the development of compositional growth zoning at a
fine spatial scale. Shell B/Ca and U/Ca ratios, which are used as proxies
for carbonate system chemistry, record significant changes in carbonate sys-
tem chemistry of the foraminiferal microenvironment over diurnal time scales
due to the net effects of photosynthesis-respiration and calcification of the fo-
raminifer and its algal symbionts. Orbulina universa shells were also cultured
in 10B and boron enriched seawaters to assist exploring for internal variation
in boron isotope composition. The resolution of the laser ablation MC-ICP-
MS technique used is near the precision limits of modelled changes in mi-
croenvironment carbonate system chemistry. The measured bulk shell boron
isotope compositions are significantly offset from the predicted boron isotope
composition of the seawater borate ion. In summary, this thesis provides
new insights into the factors controlling trace element and isotope incorpora-
tion into foraminiferal calcite, including the extent to which biological factors
ix
influence the composition of precipitated shell calcite relative to external sea-
water chemistry.
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Chapter 1
Introduction
Foraminifera are a type of marine zooplankton (specifically single-celled ma-
rine protists), that capture an abundance of information about the environ-
ment in which they grow in the chemistry of their tiny calcium carbonate
shells. The trace element and stable isotope compositions of foraminifer shells
are widely used by the scientific community as proxies for parameters or pro-
cesses in the ocean. A large fraction of what we know about Earth’s past
climate and oceans comes from reconstructions of past changes in the ocean
based on foraminifera shell chemistry. The discovery of the temperature de-
pendence of δ18O in calcite by Urey (1947, 1948) began the expanding use
of foraminiferal calcite as a source of geochemical paleoclimate and paleo-
cean proxies, commencing with the pioneering work of Emiliani (1955). To-
day, a multitude of stable isotopes and trace elements are used to reconstruct
past oceanic conditions, for example, δ13C, δ11B and εNd provide information
about productivity, pH and circulation, and Mg/Ca, Cd/Ca, B/Ca and U/Ca
provide information about temperature, circulation, and carbonate chemistry
(for a review see Katz et al., 2010). With the prospect of anthropogenic climate
change due to CO2 emissions into the atmosphere and uptake by the ocean,
attention is being focused increasingly on developing and using foraminifer
shell proxies to constrain past surface ocean and atmospheric carbon dioxide
(CO2) levels, past global and regional/latitudinal temperature changes, and
the extent of past ocean acidification events.
Following the initial use of foraminiferal shells as geochemical proxies, it was
soon realised that foraminifers do not precipitate their shells in isotopic equi-
librium (McCrea, 1950; Shackleton et al., 1973). Offsets in foraminifer shell
1
2 Introduction
chemistry from theoretical compositions, and also relative to inorganically
precipitated calcite, were attributed to ‘vital effects’; an aggregate description
of all the foraminifers’ biological processes (Urey 1951; Erez, 1978; Weiner
and Dove, 2003). These ‘vital effects’ can bias or mask the environmental sig-
nal that the geochemical proxies are supposed to be recording. In the case
of foraminifera, they broadly encompass; (i) the physiochemical processes
in the chemical microenvironment immediately surrounding the foraminifer
which is modified by the respiration, calcification, and also photosynthesis in
species which harbour photosynthetic algal symbionts; (ii) internal processes
involved in the biomineralization of the shell, such as regulation of the cal-
cification fluid chemistry; and (iii) the biological controls on nucleation and
crystal growth at the shell interface (de Nooijer et al., 2014; Figure 1.1).
The photosynthetic symbionts that are hosted by numerous foraminifer species
can have a profound impact on the geochemistry of precipitated shell calcite
and are known to modify the bulk δ11B, δ13C and δ18O compositions of shells
(Spero and Parker, 1985; Spero and DeNiro, 1987; Spero and Williams, 1988;
Spero, 1992; Hönisch et al., 2003). This has been related to the establishment
of a diffusive boundary layer (DBL) which defines the extent of the chemi-
cal microenvironment around the foraminifer. In this layer the transport of
ions between the shell surface and bulk seawater is diffusion limited (Rink
et al., 1998; Wolf-Gladrow et al., 1999), with large gradients of CO2, O2 and
pH maintained between the bulk surrounding seawater and the shell surface.
In symbiotic foraminifers, like Orbulina universa, the DBL is sustained by the
photosynthesis activity and respiration of the symbionts and by the respira-
tion and calcification of the host foraminifer (Rink et al., 1998; Wolf-Gladrow
et al., 1999). When exposed to light, symbiont photosynthesis produces O2
and consumes CO2 in a reaction requiring water and light:
CO2 + H2O + light energy
photosynthesis−−−−−−−→{CH2O}+O2 (1.1)
The resulting drawdown of CO2 changes the acid-base equilibria in the mi-
croenvironment, altering the proportions of dissolved inorganic carbon species
and increasing the pH. Conversely, in the dark, respiration by both the foraminifer
and its symbionts releases CO2, resulting in a decrease in the pH of the mi-
croenvironment:
3Figure 1.1: Schematic cross section through the planktic foraminifer (Orbulina
universa) that distinguishes various processes that contribute to ‘vital effects’
that may influence foraminifer shell chemistry. These processes occur across a
range of scales. The chemical microenvironment surrounding the foraminifer
shell has a different chemistry to ambient seawater, due to the presence of a
diffusive boundary layer and photosynthetic symbionts that change the CO2
concentration within this layer. The foraminifers’ ‘internal’ calcification envi-
ronment might have a different chemical composition to the external chemical
microenvironment, due to specific transmembrane transporters into and out
of site of calcification which may work to regulate the pH and saturation sta-
tion (Ω). In addition, biological controls on crystal nucleation and growth at
the shell interface, such the development of organic sheets that may facilitate
nucleation and determine calcite crystal orientation and alignment.
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{CH2O}+O2 respiration−−−−−→CO2 + H2O (1.2)
These chemical changes to the microenvironment can be modelled and have
been measured for both O. universa and Trilobatus sacculifer (Jørgensen et al.,
1985, Köhler-Rink & Kühl, 2005; Rink et al., 1998; Wolf-Gladrow et al., 1999,
Zeebe et al., 1999, 2003; Figure 1.2).
As well as undergoing chemical changes in the microenvironment of the
foraminifer, seawater used for calcification could be further modified at the
site of calcification, or within vacuoles of seawater that are transported to the
site of calcification. This might involve up-regulation of pH and increasing
the calcite saturation state by enriching calcium and/or carbonate ion con-
centrations using cation pumps and/or carbon concentrating mechanisms
(Bentov and Erez, 2006; De Nooijer et al., 2009, 2014; Erez, 2003). pH ele-
vation is thought to help foraminifers overcome the inhibitive effect of Mg
on calcite precipitation (Zeebe and Sanyal, 2002; De Nooijer et al., 2009).
pH elevation would also promote the conversion of bicarbonate to carbon-
ate, thereby increasing the calcite saturation state (Ω). In asymbiotic benthic
foraminifer species, Ammonia, the seawater pH in the foraminifer microenvi-
ronment is measurably lower during periods of chamber formation and cal-
cification (Glas et al., 2012; Toyofuku et al., 2017). This observation supports
the notion that foraminifers extrude protons from the site of calcification into
the microenvironment, as a means of promoting calcification and maintaining
pH homoeostasis during calcification. Evidence also exists for the formation
of seawater filled vacuoles that have elevated pH which are active during pe-
riods of chamber growth and shell formation (Erez, 2003; de Nooijer et al.,
2009).
The unusually low magnesium content of calcite (~ 0.1-1 % MgCO3) that is
precipitated by the bilamellar perforate group of foraminifera, which includes
the planktic and many benthic foraminifera, implies these foraminifers em-
ploy specific biological controls to reduce the activity of Mg2+ ions at the
site of calcification. By comparison inorganic calcite precipitated from so-
lutions with similar Mg and Ca concentrations to seawater has ~ 6 - 25 %
5Figure 1.2: Plots of the modelled and measured concentration profiles of O2
(blue), CO2 (red), and pHTOTAL (green) of seawater between ambient seawater
and the shell surface of the foraminifer O. universa in the a) light and b) dark.
The discrete points are microsensor data collected by Köhler-Rink and Kühl
(2005), and the thick lines are modelled concentrations from the diffusion-
reaction model of Zeebe et al. (2003).
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MgCO3 (Mucci and Morse, 1983; Lea et al., 1999; Zeebe and Sanyal, 2002).
Planktic and most other foraminifers precipitate the calcium carbonate poly-
morph, calcite, despite the magnesium to calcium ratio of the modern ocean
(Mg/Casw = 5) favouring the thermodynamic precipitation of aragonite (Stan-
ley and Hardie, 1998, 1999; Ries, 2010). The ability of foraminifers to control
and reduce the Mg content of shell calcite might involve: (i) an organic matrix
which alters Mg activity and thereby the partition coefficient; (ii) non-classical
crystallization pathways via transient amorphous phases prior to calcite pre-
cipitation, or; (iii) modification of Mg or Ca concentrations of the calcification
fluid via specific transmembrane transporters (Bentov and Erez, 2006). Ex-
actly how the bilamellar perforate foraminifers regulate the Mg content of
their shells, and indeed the specific nature of the biomineralization processes
in foraminifers, remains to be determined.
It is unclear how calcium and carbonate ions are transported to the site of
calcification, and whether the site of calcification is open, partly open, closed
or even a transient mix between these states (for a review see de Nooijer et
al., 2014). The degree of openness of the site of calcification is important
to constrain, as it would help determine whether the chemistry of the shell
calcite is influenced more or less by the microenvironment chemistry or, by
other active biological processes at the site of calcification.
The most poorly understood parts of foraminifer calcification, which are be-
yond the scope of this thesis, include the organic-mineral interactions at the
shell interface that facilitate crystal nucleation and growth. Foraminifer cham-
ber formation begins with an organic sheet (known as the Primary Organic
Sheet, or POS), which is secreted and extruded by the cytoplasm (Spero,
1988). The POS serves as a template for calcification and chamber forma-
tion (Bé et al., 1979; 1980; Spero, 1988). Modern bilamellar foraminifers cal-
cify on both sides of this sheet, and add more calcite on the outward facing
than the inward facing surface, as observed in Scanning Electron Microscope
(SEM) images, and in NanoSIMS profiles of the shell (Spero, 1998, Sepro
et al., 2015). The organic-mineral interactions at the POS can influence the
morphology, composition, crystal orientation and growth rate of the calcium
carbonate shell (De Yoreo et al., 2007).
7The biological and environmental influences on foraminifer shell precipita-
tion are complex. It is important to be aware of how shell chemistry reflects
contributions from both when using foraminifer shell compositions as envi-
ronmental proxies. In this thesis, I will examine the sensitivity of shell calcite
compositions to the seawater conditions in which it formed by culturing liv-
ing Orbulina universa, a model planktic foraminifer species, under controlled
experimental conditions. My focus is on how the cation concentration and
carbonate system chemistry of seawater effect the way proxies are recorded
into the shell, at both a bulk shell and intra-shell level.
Thesis Outline
The chapters in this thesis are written in the style of manuscripts in prepa-
ration for journal publication. This thesis has pursued three main themes
through live culturing experiments: (i) defining the sensitivity of foraminifer
shell Mg/Ca compositions to cation concentrations in seawater (Chapter 2),
(ii) describing bulk shell trace element to calcium ratio (TE/Ca) responses
to carbonate system chemistry and saturation state, and associated rate ef-
fects (Chapters 3 and 4); and (iii) characterising intra-shell TE/Ca and boron
isotope composition responses to carbonate system chemistry changes of the
foraminifer microenvironment on day-night time scales (Chapters 5 and 6).
This thesis has the goal of making a significant contribution to the broader
understanding of how proxies are incorporated into shell calcite by assessing
their sensitivities to seawater conditions at both a bulk shell and intra-shell
scale. A brief outline and details of collaborators and their contributions to
each chapter is given below, and a synthesis of the work and outline of future
directions is given at the end of the thesis in Chapter 7.
Chapter 2. Mg/Ca thermometer response to seawater Mg and Ca chemistry
The Mg/Ca composition of foraminifer shells has become widely used as a
thermometer for past seawaters (e.g. Nurnberg et al., 1996; Lea et al., 1999;
8 Introduction
Elderfield and Ganssen, 2000; Lear et al., 2000), based on an empirically es-
tablished exponential relationship between seawater and shell Mg/Ca com-
position (Mg/Ca = B · expA·T). Aside from temperature, the Mg/Ca ratio of
seawater, (Mg/Casw), has a significant influence on precipitated shell Mg/Ca
compositions (Delaney et al., 1985; Eggins et al., 2013; Evans et al., 2016).
Understanding how this affects Mg/Ca seawater thermometry has become
an important goal because the magnesium ([Mg]sw) and calcium ([Ca]sw)
compositions of seawater have changed significantly through geologic time
(Lowenstein et al., 2001). In this chapter, the response of foraminifer shell
Mg/Ca compositions to changes in seawater [Mg] and [Ca] concentrations
is explored by culturing Orbulina universa at constant temperature in exper-
imental seawaters with independently varied [Mg]sw and [Ca]sw concentra-
tions across a range of Mg/Casw. The results obtained permit reformulation
of the foraminiferal Mg/Ca seawater thermometer to account for the effects
of past changes in seawater Mg/Casw and [Ca]sw concentration. A new cali-
bration of the seawater thermometer is then applied to estimate temperature
changes in the deep ocean through the Cenozoic, based on previously pub-
lished records of low-Mg benthic foraminifers, and in the surface ocean and
thermocline across the Paleocene-Eocene Thermal Maximum (PETM) event.
Contributions: Kate Holland and Stephen Eggins designed the experiments
and Kate Holland carried out the majority of experiments, and analysed
and synthesized the majority of the data. Bärbel Hönisch, Howard J. Spero,
Ann D. Russell, Jennifer Fehrenbacher, Katherine A. Allen, Caroline Baptist,
Tom Bergamaschi, Elisa Bonnin, Edward Chu, Kate Davis, Steve Doo, Alex
Gagnon, Brittany Grimm, Laura L Haynes, Anthony Menicucci, Eric Nau-
mann, Elliot Schroenig, Jordan Snyder, Leal Vetter, Bill Wagman, and the staff
at the USC Wrigley Institute for Environmental studies were all involved in
ensuring the success of foraminifera cultures over many culture seasons (2008,
2011, 2013, 2014). Les Kinsley and Linda McMorrow assisted Kate Holland
analysing foraminifer shells by LA-ICP-MS, and seawaters by ICP-MS and
ICP-AES. Kate Holland interpreted the data and wrote the chapter, and was
assisted in editing the chapter by Stephen Eggins and Oscar Branson.
9Chapter 3. Do calcification kinetics determine B/Ca in planktic foraminifera?
Evidence from Orbulina universa cultures
The B/Ca content of foraminifer shells has become a popular proxy for con-
straining the past state of the ocean’s carbonate system. The basis for the
B/Ca proxy lies in the assumed selective incorporation of the borate (B(OH)4-)
ion from seawater, given the observed correlations between shell B/Ca com-
positions with increases in seawater B(OH)4- concentration and pH (Sanyal
et al., 2001; Allen et al., 2011, 2012; Henehan et al., 2015). However, the
proxy is subject to significant uncertainty associated with observed inconsis-
tentcy in partitioning behaviour and a debated partitioning mechanism, and
recent evidence for a potential strong dependence on kinetic effects (Allen
and Hönisch, 2012; Branson et al., 2015; Uchikawa et al., 2015). To investigate
the influence of seawater carbonate system chemistry and shell calcification
rate on shell B/Ca compositions, the planktic foraminifer Orbulina universa
was cultured in seawaters compositions spanning a range of pH, DIC, boron
concentration ([B]sw), calcium concentration ([Ca]sw), and saturation state (Ω).
Focus was placed on trying to isolate the response of shell B/Ca composi-
tions to variation in the seawater [B(OH)4-/HCO3-] ratio, which underpins
current understanding of boron incorporation into foraminifer shell calcite
(Hemming and Hansen, 1992). The influences of each seawater parameter
(pH, DIC, [B]sw and [Ca]sw) on shell B/Ca composition behaviour are found
to be consistent with their influence on the [B(OH)4-/HCO3-] ratio, and there-
fore consistent with an incorporation mechanism in which B(OH)4- competes
with HCO3- for substitution into the calcite lattice. The narrow range of shell
thickening rates measured from these experiments provides evidence that ob-
served B/Ca systematics in foraminiferal shell calcite are unlikely to be due
to changes in shell calcification rates.
Contributions: Kate Holland and Stephen Eggins designed the experiments
and Kate Holland carried out the experiments, and analysed and synthesized
all data. Ann D. Russell, Jennifer Fehrenbacher, Tom Bergamaschi, Oscar
Branson, Edward Chu, Kate Davis, Elliot Schoenig, and Jordan Snyder and
the staff at the USC Wrigley Institute for Environmental studies were invalu-
able in facilitating foraminifer culture. Les Kinsley and Linda McMorrow
10 Introduction
assisted Kate Holland with analysis of foraminifer shells by LA-ICP-MS, and
of seawaters by ICP-MS and ICP-AES at RSES. Richard Zeebe provided the
diffusion-reaction model for the carbonate chemistry in the microenviron-
ment of foraminifera. Kate Holland interpreted data and wrote the chapter,
and was assisted in editing the chapter by Stephen Eggins and Oscar Branson.
Chapter 4. Seawater carbonate system controls on TE/Ca shell compositions
of the planktic foraminifer Orbulina universa
Covariance of carbonate system parameters in the ocean makes it problematic
to isolate the specific factors that control incorporation of various trace ele-
ments into foraminiferal shell calcite. Culture experiments were undertaken
on the planktic foraminifer Orbulina universa over a wide range of pH, DIC,
calcium concentration and calcite saturation states to investigate the response
of foraminifer shell TE/Ca composition and of foraminifer shell calcification
rates to these parameters. Seawater DIC concentration was found to have a
large influence on shell Sr/Ca and to also influence on Mg/Ca compositions,
while carbonate ion compositions influence shell U/Ca compositions. Sea-
water carbonate system equilibria and calcite saturation states exert limited
influence on shell calcification rate. Shell thickening rates were found to lie
within a narrow range which appears to preclude significant calcification rate
effects on the partitioning of Mg, Mn, Sr and U into shell calcite.
Contributions: Kate Holland and Stephen Eggins designed and performed ex-
periments, and Kate Holland carried out the experiments, and analysed and
synthesized all data. Foraminifer culturing was made possible with the help
of the staff at USC Wrigley Institute for Environmental Studies, as well as
the efforts of Ann D. Russell, Jennifer Fehrenbacher, Tom Bergamaschi, Os-
car Branson, Edward Chu, Kate Davis, Elliot Schoenig, and Jordan Snyder.
Les Kinsley provided technical support to Kate Holland for the measurement
of foraminifer shells by LA-ICP-MS, in addition to setting up the Element
XRTM ICP-MS at RSES for seawater analysis. Linda McMorrow helped with
the measurement of seawaters by ICP-MS and ICP-AES at RSES, ANU. Os-
car Branson wrote Python codes to model the responses of KDSr and KDMn
to Rayleigh fractionation processes and hypothetical carbon concentrating
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mechanisms. Kate Holland interpreted data with some assistance from Oscar
Branson and Stephen Eggins and wrote the chapter, and was also assisted in
editing the chapter by Stephen Eggins and Oscar Branson.
Chapter 5. Calcification rate and shell chemistry response of the planktic
foraminifer Orbulina universa to changes in microenvironment chemistry
This Chapter was published in Earth and Planetary Science Letters, volume
464, pp 124-134 on 15th April 2017.
DOI: http://dx.doi.org/10.1016/j.epsl.2017.02.018.
Compositional variability is now well documented within the shells of foraminifers
(e.g. Eggins et al., 2004, 2004; Hathorne et al., 2004). In the planktic foraminifer
Orbulina universa shell Mg/Ca compositions vary with shell growth and are
modulated by the day-night light cycle (Spero et al., 2015). This chapter uses
Mg/Ca banding in cultured O. universa shells as a chronometer to monitor
and explore the response of precipitated calcite compositions using Laser Ab-
lation–Inductively Coupled Plasma–Mass Spectrometry (LA-ICP-MS) to di-
urnal carbonate system chemistry changes within the foraminifer microen-
vironment. Known carbonate system sensitive proxies B/Ca and U/Ca are
observed to vary through the shell walls of O. unviersa in a manner con-
sistent with the predicted response of these proxies to modelled changes in
the carbonate chemistry of the foraminifer microenvironment produced by
foraminifer and algal symbiont physiology over diurnal cycles.
Contributions: Kate Holland and Stephen Eggins designed and performed the
research. Foraminifer culturing was completed in cooperation with Ann Rus-
sell, Jennifer Fehrenbacher, Caroline Baptist, Elisa Bonnin, Kate Davis, Alex
Gagnon, Jordan Snyder, and the staff at USC Wrigley Institute for Environ-
mental Studies. Les Kinsley and Linda McMorrow provided technical sup-
port to Kate Holland for the measurement of foraminifer shells by LA-ICP-
MS, and the measurement of experiment seawater by ICP-MS and ICP-AES.
Richard Zeebe provided the code for the diffusion-reaction model in the mi-
croenvironment of planktic foraminifer. Kate Holland interpreted data and
wrote the paper with the help of co-authors Stephen Eggins, Bärbel Hönisch,
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Laura Haynes, Oscar Branson, and thoughtful feedback from two anonymous
reviewers.
Chapter 6. Intra-shell δ11B variation in cultured planktic foraminifer Orbu-
lina universa
The boron isotope composition (δ11B) of foraminifer shells is routinely used
for reconstructing past ocean pH (e.g. Sanyal et al., 1995; Martínez-Botí et al.,
2015 a and b). The basis for this proxy rests on the correlation between the
δ11B composition of foraminifer calcite and the δ11B composition of the borate
ion in seawater which is dictated by seawater pH. This chapter extends the in-
vestigation of intra-shell trace element variability in Chapter 5 to include high
resolution depth profiling of boron isotope (δ11B) variation within the shells
of the planktic foraminifer Orbulina universa. Measurements were made pos-
sible using a laser ablation system coupled to a Netpune PlusTM MC-ICP-MS
with Faraday cups equipped with 1013 Ω resistors. While large and repro-
ducible variations of δ11B were measured within shell δ11B, they are near the
limits of the resolution of the technique and are not clearly diurnally paced
with modelled changes in the carbonate system chemistry of the foraminifer
microenvironment (cf. shell B/Ca and Mg/Ca compositional banding in the
same shells). The measured bulk shell δ11B values are also found to be offset
to much higher values than the estimated δ11B composition of borate ion in
the experimental seawaters.
Contributions: Kate Holland and Stephen Eggins designed and performed the
experiments. Foraminifer culturing was completed in collaboration with Ann
Russell, Jennifer Fehrenbacher, Jordan Snyder, Kate Davis, Caroline Baptist,
Alex Gagnon and Elisa Bonnin and the help of the staff at USC Wrigley Insti-
tute for Environmental Studies. Les Kinsley and Linda McMorrow provided
technical support to Kate Holland for the analysis of foraminifer shells by LA-
ICP-MS, and the measurement of experiment seawater by ICP-MS and ICP-
AES. Aleksey Sadekov and Sambuddah Misra provided technical support to
Kate Holland for the measurement of foraminifer shell boron isotope compo-
sitions by LA-MC-ICP-MS, and the measurement of the boron isotope com-
positions of experiment seawater by HR-ICP-MS at the Godwin Laboratory,
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Cambridge University. Richard Zeebe provided the code for the diffusion-
reaction model in the microenvironment of planktic foraminifer. Kate Hol-
land interpreted data and wrote the chapter, and was assisted in editing the
chapter by Stephen Eggins, Oscar Branson and Rohana Rogan-Darvill.
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Chapter 2
Mg/Ca thermometer response to
seawater Mg and Ca chemistry
Abstract
The empirical correlation between foraminifer shell Mg/Ca composition and
temperature is widely used as a seawater thermometer. An important con-
sideration when applying this thermometer in palaeoceanography is its be-
haviour where the chemical composition of seawater differs from the modern
ocean. A vital aspect of ocean chemistry which can influence foraminiferal
Mg/Ca, and is known to have varied in past oceans, is the [Mg]sw and [Ca]sw
concentration in seawater. Correcting foraminiferal Mg/Ca temperature es-
timates for these effects is critical to their accuracy and resulting interpreta-
tion. However, it is unclear from past studies whether [Mg]sw, [Ca]sw or the
Mg/Ca of seawater has the greatest potential to modify shell Mg/Ca com-
positions. I have cultured the planktic foraminifer Orbulina universa in seawa-
ters with varying Mg and Ca concentrations, to isolate the individual effects
of [Mg], [Ca] and seawater Mg/Ca on shell Mg/Ca. Foraminifer Mg/Ca
compositions, determined by laser ablation-ICP-MS, respond to changes in
both the Mg/Ca ratio and the Ca concentration of seawater, according to
the relationship: Mg/Cacc = (0.69± 0.19) · [Ca](0.43±0.09)sw · Mg/Ca(0.76±0.06)sw .
This highlights the critical importance of considering the Ca concentration of
seawater in addition to seawater Mg/Ca ratio when reconstructing ancient
seawater temperatures, and supersedes the findings of recent studies, which
have sought only to correct for past [Mg]sw. The implications for foraminiferal
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Mg/Ca thermometry are significant for periods where past ocean composi-
tions were different from the modern ocean. For example, application of
my new Mg/Ca seawater thermometer calibration to surface and thermo-
cline dwelling foraminifers across the Paleocene-Eocene Thermal Maximum
(PETM) doubles the temperature excursion estimated by previous studies,
with profound implications for our understanding Paleocene-Eocene climate
sensitivity.
2.1 Introduction
The Mg/Ca molar ratio of modern planktic foraminifer shells typically in-
creases by 9 ± 1 % per °C increase of seawater temperature (Nurnberg et al.,
1996; Rosenthal et al., 1997; Lea et al., 1999; Anand et al., 2003). This has
made fossil foraminifer shells a very useful and sensitive thermometer for
reconstructing past seawater temperatures (e.g.Elderfield and Ganssen, 2000;
Billups and Schrag, 2002; Lea et al., 2002; Barker et al. 2005). Foraminiferal
shell Mg/Ca (Mg/Cacc) compositions serve as a valuable companion proxy
to the oxygen isotopic composition of foraminiferal calcite (δ18Occ), which
reflects the temperature and the oxygen isotopic composition of seawater
(δ18Osw) in which it was formed. The Mg/Ca of foraminifera provides in-
dependent proxy for ocean temperature, allowing the isolation of the δ18Osw
signal recorded in shell δ18Occ compositions. The coupled use of these two
proxies provides invaluable constraints on past ocean salinity, ice-volume and
temperature, which has provided fundamental insights into past climate and
change in the oceans (e.g. Mashiotta et al., 1999; Lea et al., 2000; Lear et al.,
2000).
Our ability to apply foraminiferal Mg/Ca seawater thermometry in deep time
is currently limited by a lack of understanding of how foraminifer Mg/Ca
changes with seawater Mg/Ca (Mg/Casw), which is known to have been
significantly lower in the past (Sandberg, 1983; Coggon et al., 2010; Figure
2.1). The variation of Mg/Casw over long time periods (millions of years)
is brought about by changes in both the seawater magnesium concentration
([Mg]sw) and seawater calcium concentration ([Ca]sw). These changes result
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from variations in the input and output fluxes of both elements through the
combined effects of decreasing rates of seafloor spreading, dolomite form-
ation, and changes to weathering inputs of dissolved Mg and Ca (Hardie,
1996). Estimates of Mg/Casw based on modelling and precipitated marine
carbonate compositions through time indicate an increase in Mg/Casw to-
ward the modern value, corresponding to at least a doubling of [Ca]sw and
halving of [Mg]sw at the Cretaceous (Dickson, 2002, 2004; Horita et al., 2002;
Lowenstein et al., 2003; Tyrell and Zeebe, 2004; Fantle and DePaolo, 2005,
2006; Timofeeff et al., 2006; Coggon et al., 2010; Brennan et al., 2013; Rausch
et al., 2013; Gothmann et al., 2015; Figure 2.1).
Our capacity to address major questions about Earth climate history depends
substantially on our ability to determine the temperature of ancient oceans. In
the case of foraminiferal Mg/Ca seawater thermometry, this is accomplished
using Mg/Ca-temperature calibrations derived from foraminifera grown in
the modern oceans. Given that we know Mg/Casw has changed in the past,
our ability to extrapolate and apply modern thermometer calibrations to an-
cient oceans requires knowledge of how foraminiferal shell Mg/Ca composi-
tions vary as a function of Mg/Casw. The foraminiferal Mg/Ca thermometer
has been widely described by the empirical relationship:
Mg/Cacc = B · expA·T (2.1)
where the exponential constant, A, is the temperature (T) sensitivity (for T in
°C) and, the pre-exponential constant, B, is a species-specific empirically mea-
sured offset. The amount of Mg incorporated into foraminiferal shell calcite
can be formulated as an exchange reaction that describes Mg substitution for
Ca in calcite:
Mg2+
(aq) + CaCO3 (s) ⇐⇒ Ca2+(aq) + MgCO3 (s) (2.2)
The equilibrium partition coefficient (KDMg) for this exchange reaction is de-
fined as:
K∗MgD =
(
αMgCO3/αCaCO3
)(
αMg2+/αCa2+
) (2.3)
18 Mg/Ca thermometer response to seawater Mg and Ca chemistry
Figure 2.1: (a) Seawater Mg/Ca (molar ratio) estimates spanning the last 250
Ma based on various proxies including; calcium carbonate veins formed in
oceanic crust (Timofeeff et al., 2006; Coggon et al., 2010; Rausch et al., 2013),
fossil echinoderm skeletons (Dickson, 2002, 2004) and fossil coral skeletons
(Gothmann et al., 2015). Estimates of past seawater (b) [Mg]sw and (c) [Ca]sw
compositions based on brine inclusions in evaporate minerals (Horita et al.,
2002; Lowenstein et al., 2003; Brennan et al., 2013).
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where a denotes the activities of MgCO3 and CaCO3 in calcite, and the activ-
ities of Mg and Ca in solution. Equation 2.3 can be recast as a stoichiometric
partition coefficient (K*DMg) by combining the activity coefficients into a sin-
gle factor B1, giving:
K MgD = B1 · K∗MgD = B1 ·
Mg/Cacc
Mg/Casw
(2.4)
B1 is not a constant, and will vary with changes in the activities of Mg and
Ca in seawater and with any activity composition relationship for Mg substi-
tution in calcite.
Thermodynamically, the KDMg for the calcite Mg-Ca exchange reaction is ex-
pected to vary with an exponential dependence on 1/T (i.e. asymptotic to-
wards high T):
K MgD = exp
( ∆SR ) · exp( ∆HRT ) = B2 · exp(
A
T ) (2.5)
This is distinct from the empirically observed exponential dependence on
T that is observed for shell calcite (equation 2.1). Substituting equation 2.4
and 2.5 and combining B1 and B2 into a single pre-exponential constant, B,
Mg/Cacc can be reformulated as:
Mg/Cacc = Mg/Casw · K MgD = Mg/Casw · B · exp(A·T) (2.6)
This rearrangement reveals Mg/Casw to be an intrinsic component of the pre-
exponential constant, which is not obvious from the commonly used Mg/Ca-
temperature relationship (equation 2.1).
Studies seeking to apply foraminiferal Mg/Ca thermometry to ancient oceans
(Lear et al., 2000, 2002, 2004; Billups and Schrag, 2002, 2003) initially assumed
a simple linear correction to modern thermometer calibrations to account for
the difference in ancient seawater Mg/Casw (t>0) composition relative to mod-
ern seawater Mg/Casw (t=0), i.e.
Mg/Cacc =
Mg/Casw (t=t)
Mg/Casw (t=0)
· B · exp(A·T) (2.7)
20 Mg/Ca thermometer response to seawater Mg and Ca chemistry
where t = 0 is the present, and t = t is a specified time in the past.
Broecker and Yu, (2011) used the same assumption and rearranged equation
(2.7) to estimate ancient Mg/Casw from Mg/Cacc and conclude that Cenozoic
Mg/Casw was lower than modern Mg/Casw by only a factor or 1.7. This is
much less than the estimates of Cenozoic Mg/Casw, based on halite fluid in-
clusions, biogenic and abiogenic marine carbonate precipitates, and sediment
and porefluid geochemistry (Fantle and DePaolo, 2006; Coggon et al., 2010;
Ries, 2010 and refs therein).
A number of foraminifer culturing studies have investigated how modern
foraminifer shell Mg/Ca responds to seawater compositions spanning a range
of Mg/Casw values, including ancient seawater analogue compositions (De-
laney et al., 1985; Evans and Müller, 2012; Eggins et al., 2013; Evans et al.,
2016). Many of these studies focus on shallow-water benthic species, and have
investigated the effects of Mg/Casw, [Mg]sw and [Ca]sw on KDMg (Segev and
Erez, 2006; Dissard et al., 2010; Raitzsch et al., 2010; Dueñas-Bohórquez et al.,
2011; Mewes et al., 2014, 2015; Evans et al., 2015a; Figure 2.2 a and b). The vast
majority of these studies have cultured species which produce high-Mg cal-
cite (e.g. Amphistegina lobifera, Amphistegina lessonii, Heterostegina depressa, Op-
erculina ammonides). Both low and high Mg calcite forming foraminifers show
an increase in KDMg with decreasing Mg/Casw (Figure 2.2), but are sensitive
to different aspects of seawater Mg and Ca chemistry. The KDMg of high-Mg
calcite producing foraminifers responds consistently to the Mg/Casw, rather
than to the total concentrations of [Mg]sw and [Ca]sw (Segev and Erez, 2006;
Raitzsch et al., 2010; Dueñas-Bohórquez et al., 2011; Mewes et al., 2014; Evans
et al., 2015a; Figure 2.2). Conversely, the KDMg of low-Mg calcite producing
benthic foraminifer (Ammonia tepida) is sensitive to both [Ca]sw and [Mg]sw,
with KDMg increasing with increased [Ca]sw (Dissard et al., 2010; Raitzsch et
al., 2010; Dueñas-Bohórquez et al., 2011; Figure 2.2). This suggests that the
shell Mg/Ca response of high-Mg and low-Mg calcite producing foraminifers
to Mg/Casw may differ. These differences could arise from Mg being a major
component in the high-Mg calcite resulting in non- Henry’s Law incorpora-
tion behaviour, as compared to it being a trace component in low-Mg calcite.
They could also arise from the effects of seawater chemistry on the physio-
chemical processes that promote Ca incorporation or discriminate against Mg
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incorporation that are required to produce low-Mg calcite shell compositions.
All studies of foraminiferal Mg/Ca have reported non-linear responses to
Mg/Casw, although different culture studies have suggested different formu-
lations to describe these relationships. Hasiuk and Lohmann (2010), after
Ries (2004), suggested the use of a power function to describe variation in
shell Mg/Ca composition as a function of Mg/Casw as follows:
Mg/Cacc = F ·Mg/CaHsw (2.8)
where F is a partition factor (cf. partition coefficient) and H is the partition
exponent. The use of a power function is consistent with Freundlich adsorp-
tion isotherm behaviour, an empirically established relationship between the
concentration of a solute on a surface and the concentration of the solute in
solution. This approach was adopted by Evans and Müller (2012), who fit
the following function (rewritten in terms of the ratio of ancient to modern
Mg/Casw), to a range of existing foraminifer culture data:
Mg/Cacc =
Mg/Ca Hsw (t=t)
Mg/Ca Hsw (t=0)
· B · exp(A·T) (2.9)
This particular function has been adopted by a number of subsequent stud-
ies to reconstruct latitudinal/regional changes in surface ocean temperature
across the Paleocene-Eocene Thermal Maximum (PETM) event (Dunkley Jones
et al., 2013; Kozdon et al., 2013; Martínez-Botí et al., 2015a). Evans et al.
(2016) have since reverted to using an exponential form of the Mg/Ca seawa-
ter paleothermometer to account for the non-linear response in Mg/Cacc of
Globigerinoides ruber to Mg/Casw. They now propose quadratic forms for the
pre-exponential factor B and also the temperature sensitivity constant A, as
functions of Mg/Casw as follows:
Mg/Cacc =
(
0.019 ·Mg/Ca2sw − 0.160 ·Mg/Casw + 0.804
)
· exp((−0.0029·Mg/Ca2sw+0.032·Mg/Casw)·T) (2.10)
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Figure 2.2: Compilation of KDMg values from previous foraminifer culturing
studies which have changed Mg/Casw by [Mg]sw and/or [Ca]sw, as indicated
by the colour-bar in the top right of each panel. In panels (a) and (c) grey
symbols denote experiments in which [Ca]sw was held constant, and in pan-
els (b) and (d) grey symbols denote experiments in which [Mg]sw was held
constant. Panels (a) and (b) show KDMg values for high Mg-calcite produc-
ing foraminifers and inorganic calcite, with values for A. lessonii from Segev
and Erez (2006) and Mewes et al. (2014, 2015) and , A. lobifera from Segev and
Erez (2006), H. depressa from Raitzsch et al. (2010) and KDMg for O. ammonoides
from Evans et al. (2015). Shell Mg/Ca compositions for high Mg-calcite pro-
ducing foraminifers were corrected to T = 25 °C and S = 35 using inorganic
calcite temperature sensitivity of Oomori et al., (1987) and salinity sensitivity
from Zhong and Mucci (1989). Panels (c) and (d) show KDMg values for low
Mg-calcite producing foraminifers with values for A. tepida from Dissard et al.
(2010), Raitzsch et al. (2010) and Mewes et al. (2014) for Globigerinoides ruber
from Evans et al. (2016), and Trilobatus sacculifer from Delaney et al. (1985).
Shell Mg/Ca compositions for low Mg-calcite producing foraminifers were
corrected to T = 25 °C and S = 35 using temperature and salinity sensitivity
from Dissard et al. (2010) for A. tepida, using temperature sensitivities from
Kısakürek et al. (2008) and Nurnberg et al. (1996) for G. ruber and T. sacculifer,
respectively and salinity sensitivities from Hönisch et al. (2013) for G. ruber
and T. sacculifer.
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Evans et al. (2016) have promoted a decrease in the exponential temperature
sensitivity from 8.0 ± 2.0 % (Kısakürek et al., 2008) to 7.5 ± 0.9 % per °C,
when Mg/Casw is reduced by decreasing [Mg]sw from 5.2 to 3.4, despite these
exponential constant fits being well within error of each other. A much larger
and significant change in the exponential temperature sensitivity has been
reported by Eggins et al. (2013) based on cultures of the planktic foraminifer
Orbulina universa in experiments that varied [Ca]sw and [Mg]sw to produce
Paleogene seawater composition analogues.
A shortcoming of either formulation proposed by Evans and Müller (2012)
and Evans et al. (2016) is that they are based on and only consider Mg/Casw
variation as a result of varying [Mg]sw, rather than varying [Ca]sw. It is pos-
sible that a very different response could arise with Mg/Casw variation due
to varying [Ca]sw as indicated by the results reported by Eggins et al. (2013).
This possibility requires testing before this description of the Mg/Ca seawater
paleothermometer is applied to ancient oceans, and it is the principal focus
of this study.
Here I investigate the response of shell Mg/Ca compositions of O. universa
to changing Mg/Casw across a wide range of Mg/Casw compositions pro-
duced by covarying and independently varying [Mg]sw and [Ca]sw. These
experiments were conducted over several culture seasons, beginning with ex-
periments that investigated the sensitivity of the foraminiferal Mg/Ca pale-
othermometer to seawater composition analogues for Cretaceous-Paleocene
and Eocene-Oligocene oceans, that is with Mg/Casw = 0.25x and 0.5x mod-
ern arising from lower [Mg]sw and higher [Ca]sw. A subsequent set of ex-
periments were undertaken to investigate the influence of varying [Mg]sw
while maintaining [Ca]sw constant, and a final sets of experiments was used
to isolate the effects of independently varying [Mg]sw and [Ca]sw to produce
a range of Mg/Casw compositions. The full matrix of seawater compositions
explored in these experiments is illustrated in Figure 2.3.
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Figure 2.3: Experimental matrix of [Ca]sw and [Mg]sw compositions and
Mg/Casw ratios of seawater explored in this study. Symbols indicate cul-
ture season groupings; 2008 (circles), 2011 (squares) and 2013/14 (diamonds).
Modern seawater is represented at [Mg]sw ~50 and [Ca]sw ~10, and is
Mg/Casw molar ratio of ~5.
2.2 Methods
2.2.1 Foraminifer culturing procedures
Foraminifer culture experiments were conducted following established meth-
ods (e.g. Russell et al., 2004) at the Wrigley Institute for Environmental
Studies (WIES) on Santa Catalina Island, California over several field sea-
sons (2008, 2011, 2013 and 2014). Juvenile (pre-sphere) O. universa were hand
collected by SCUBA divers between 2 and 5 m depth ~2 km NNE of WIES in
the San Pedro Basin. Collected foraminifers were examined and sized under
an inverted light microscope. Individual foraminifers were transferred into
120 mL jars filled with experimental seawater. The jars were sealed with a
snap cap lid lined with ParafilmTM ’M’ laboratory film, then placed in circu-
lating water baths under a 12-12 hr light-dark cycle at a PAR irradiance level
> 300 μE/m2 (> 300 µmol photons/m2). The irradiance from the high out-
put, cool white, fluorescent bulbs was monitored weekly. Foraminifers were
monitored daily and fed a 1-day old brine shrimp (Artemia nauplius) every
second day. Experiments ended at the point when foraminifers underwent
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gametogenesis, after which the empty shells were rinsed in ultrapure (>18 Ω)
Milli-QTM water and air dried for storage, awaiting cleaning and analysis.
Filtered natural and artificial seawater were combined to create the range
of experimental seawater compositions (Figure 2.3). Natural seawater was
collected at the SCUBA site and filtered through 0.8 µm polycarbonate mem-
brane filters before use in experiments. Artificial seawater was synthesised
by dissolving high purity AR grade salts to create the desired major salt com-
position of seawater that matched the local seawater salinity (Table 2.1). The
salinity in experiment seawaters was maintained by substituting more or less
NaCl for lesser or greater amounts of MgCl2 and CaCl2 added to achieve
the target composition. No nutrients or dissolved organic compounds are
added into the artificial seawater. Mixing natural with artificial seawater is
thought to partially address this issue by ensuring the presence of unmea-
sured components of seawater, however, these mixed natural and artificial
seawater experiments could be depleted in these. Additionally, it is unknown
if and how these unmeasured parameters have changed across field seasons,
and if so, how such changes might translate to variation in shell composition,
or to the physiology of the symbiont population and the foraminifer itself
The modified [Mg]sw and [Ca]sw compositions of the experimental seawa-
ter alters the activities of all dissolved ions, and the equilibrium coefficients
of many speciation reactions (Hain et al., 2015). In particular, the inor-
ganic carbon system equilibrium coefficients, K*1 and K*2, calcite solubility,
K*sp, change between seawaters of different ionic composition and strength
(Zeebe and Wolf-Gladrow, 2001), and alter the calcite saturation state (Ω).
These changes were taken into account using a version of the CO2SYS MAT-
LAB script of van Heuven et al. (2011; CO2SYS.m), that adjusts the equilib-
rium constants, K*i’s, with changes in seawater [Mg2+] and [Ca2+] using the
MyAMI model of Hain et al. (2015; PyMyAMI.m).
Total alkalinity and pH of seawater were set to create the desired carbonate
system conditions for each experiment. Both alkalinity and pH were mea-
sured at the beginning and end of each experiment, using a Metrohm open
cell autotitrator and integrated pH electrode that was calibrated daily using
Dickson certified alkalinity standards and low ionic strength NIST buffers.
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The total alkalinity of seawater over the course of an experiment does not
vary outside the precision of its measurement (<1 %, 2σv). The measured car-
bonate system conditions for the experimental seawaters are listed in Table
2.2. Seawater sample aliquots were also taken at the beginning and end of
each experiment for trace element measurement. These samples were filtered
using 0.2 µm syringe filters then acidified using OptimaTM grade HNO3 to
preserve trace metals for analysis and prevent microbial activity in the sample
container.
2.2.2 Sample preparation and analysis
Trace metal compositions in experimental seawaters were determined using
a Varian Vista Pro Axial ICP-AES and a Varian 820 Quadrupole ICP-MS at
the Research School of Earth Sciences (RSES), Australian National University
(ANU). Seawater samples were diluted 10x with 2 % HNO3 prior to ICP-AES
analysis and 100x prior to ICP-MS analysis. The reproducibility of measured
Mg/Ca ratios in seawater reference material CASS-4 was 2.0 % (2σv) by ICP-
MS and 0.8 % (2σv) by ICP-AES. Instrument drift during both ICP-MS and ICP-
AES analysis by was corrected for using a standard-sample-standard bracket-
ing protocol. Internal element and enriched isotope standards (9Be, 45Sc, 141Pr
and 235U) were added to diluted sample solutions as a secondary means of
monitoring and correcting for instrument drift and individual sample-based
instrument response changes during ICP-MS analysis.
The shells of O. universa were cracked open and subjected to an oxidative
cleaning procedure following the method of Pak et al. (2004) in prepara-
tion for analysis. A fragment of each shell, no greater than a quarter of the
spherical shell, was mounted on carbon tape for analysis by laser ablation
ICP-MS (LA-ICP-MS) using a Varian 820 Quadrupole ICP-MS coupled to a
ANU Helex laser ablation system at RSES. The isotopes 24Mg, 25Mg, 43Ca and
44Ca, along with other trace element isotopes, were measured and normalized
to 43Ca following the procedures established and described by Eggins et al.
(2003, 2004). Multiple depth profile analyses were acquired through the shell
wall of each shell fragment and averaged to produce an estimate of the bulk
shell composition.
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Experiments were conducted at 20 °C in 2011 and 2014, as compared to 22
°C in 2008 and 2013. Accordingly, all 2011 and 2014 shell Mg/Ca composi-
tions were adjusted to equivalent compositions at 22 °C using a temperature
sensitivity of 9 %/°C to account for the differences between experiment tem-
peratures conducted in different culture seasons. The uncertainty (±1.4 %)
associated with the 9 % change in Mg/Ca with /°C as determined by Russell
et al. (2004) was propagated through to shell Mg/Ca error estimates. Shell
Mg/Ca ratios were also corrected to a pH of 8 (total scale), where samples
were grown below a pH of 8.2 (total scale) using the ΔMg/Ca-pH relation-
ship of Russell et al. (2004) (at higher pH the correction is not significant).
2.3 Results
2.3.1 Culture viability
Orbulina universa exhibited high survival rates (≥ 90 %) in most experimental
seawater compositions. The only exception was experiments where [Mg]sw
was set to 4x modern seawater (200 mmol/kg), in which cultures proved un-
viable. Under conditions where both [Mg]sw and [Ca]sw were 0.25x modern
seawater, O. universa survived and fed for periods exceeding a week, but were
unsuccessful in calcifying their shells.
2.3.2 Shell Mg/Ca variation
Seawater composition analogues for ancient Eocene-Oligocene seawaters with
Mg/Casw ≈ 2.5 and Cretaceous-Paleocene seawaters with Mg/Casw ≈ 1.25
produced shell Mg/Ca compositions that were reduced by 1.3x and 2.4x re-
spectively, compared to the foraminifer shell compositions at modern Mg/Casw
(Figure 2.4).
In the 2011 culture season, experiment seawaters where Mg/Casw was varied
by changing [Mg]sw across the range 12.67 to 103.44 mmol/kg, shell Mg/Ca
compositions increase by a factor of 6.5, from 1.64 ± 0.22 to 10.60 ± 0.38
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Table 2.1: Synthetic seawater recipe for culture water for 1 L of 18.2 Ω milli-Q
water. Seawater is mixed in a ratio of 1:1 artifical to natural, except where
otherwise stated.
[Mg]sw changes [Mg]sw and [Ca]sw changes
target Mg/Casw: 1.25* 2.5 5 10 1.25 2.5 2.5 2.5 5 5
Salt (g) (g) (g) (g) (g) (g) (g) (g) (g) (g)
NaCl 84.7 56.1 46.4 26.9 51.0 30.0 41.3 48.5 58.3 20.6
Na2SO4 11.71 7.76 7.76 7.76 7.76 7.76 7.76 7.76 7.76 7.76
KCl 2.222 1.473 1.473 1.473 1.473 1.473 1.473 1.473 1.473 1.473
NaHCO3 0.523 0.346 0.346 0.346 0.346 0.346 0.346 0.346 0.346 0.346
B(OH)3 0.074 0.049 0.049 0.049 0.049 0.049 0.049 0.049 0.049 0.049
MgCl.6H2O 0.00 0.00 20.76 62.29 0.00 39.87 20.76 11.21 0.00 66.86
CaCl2.2H2O 4.41 2.92 2.92 2.92 9.24 12.80 9.70 6.08 0.00 8.48
SrCl2.6H2O 0.070 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047
*seawater was mixed in a ratio of 3:1 artifical to natural
Figure 2.4: Shell Mg/Ca compositions of O. universa cultured in 2008 with
modern, Eocene-Oligocene and Cretaceous-Paleocene seawaters, that is with
Mg/Casw = 5.1, 2.5, and 1.25 mol/mol. Seawater [Ca]sw is indicated by the
symbol and colour-bar in the bottom right. Error bars are ± 2se.
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Figure 2.5: (a) Shell Mg/Ca compositions of O. universa grown in 2011, where
[Mg]sw was varied to produce a range of Mg/Casw values. Grey symbols are
the shell compositions from experiments in which both [Mg]sw and [Ca]sw
were changed to produce ancient ocean analogue compositions (replotted
from Figure 2.4). Results have been fit with a power function (equation 2.12
at [Ca]sw = 10 mmol/kg) and error bars are ± 2se. (b) Shell compositions of
G. ruber cultured by Evans et al. (2016) and T. sacculifer cultured by Delaney
et al. (1985), where [Mg]sw was varied to produce a range of Mg/Casw ratios.
These data are also fit with power functions.
mmol/mol (Figure 2.5a). The shells grown at low Mg/Casw ratios, lie below
those of foraminifers grown in ancient seawater analogies, where both [Mg]sw
and [Ca]sw were modified to produce Mg/Casw values lower than modern
(Figure 2.5a). These results are compared to the shell compositions of G.
ruber and T. sacculifer reported from other studies where Mg/Casw was also
varied by changing only [Mg]sw (Figure 2.5b).
Shell Mg/Ca compositions produced in a final set of experiments where
[Ca]sw and [Mg]sw were varied independently to produce Mg/Casw com-
positions with elevated [Ca]sw and also low [Ca]sw compositions relative to
modern seawater are shown in Figure 2.6.
The combined data set of O. universa shell Mg/Ca compositions cultured in
this study are plotted in Figure 2.7. Overall shell Mg/Ca compositions in-
crease with Mg/Casw, and have higher Mg/Ca compositions in seawaters
with higher [Ca]sw. The combined data set have been fit with a power func-
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Figure 2.6: Shell Mg/Ca compositions of O. universa cultured in seawaters
with independently varied [Mg]sw and [Ca]sw at specific Mg/Casw ratios.
The [Ca]sw concentration of seawaters is indicated by the symbol colour with
reference to the colour-bar in the bottom right. Light and dark grey symbols
are the results plotted from the 2008 and 2011 culture experiments taken from
Figures 2.4 and 2.5 and the power function from 2.5). Error bars are ± 2se.
tion of the form:
Mg/Cacc = F · [Ca]Gsw ·Mg/CaHsw (2.11)
which returns the following constant values and associated uncertainties (2σv):
Mg/Cacc = (0.69± 0.19) · [Ca](0.43±0.09)sw ·Mg/Ca(0.76±0.06)sw (2.12)
2.3.3 Partitioning of Mg into shell calcite
In Eocene-Oligocene and Cretaceous-Paleocene ancient analogue seawater
compositions with Mg/Casw = 2.5 and = 1.25 respectively, observed KDMg
values are significantly greater than for modern Mg/Casw (Figure 2.8).
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Figure 2.7: Shell Mg/Ca compositions of O. universa cultured in this study
plotted as a function of Mg/Casw with the [Ca]sw concentration of experimen-
tal seawater indicated by the symbol colour with reference to the colour-bar
in the bottom right. Symbol error bars are ± 2se. The fitted power function
in equation 2.12 is plotted for specific [Ca]sw values and across a range of
Mg/Casw.
Figure 2.8: Shell KDMg of O. universa cultured in experiments with modern,
Eocene-Oligocene and Cretaceous-Paleocene seawaters, that is with Mg/Casw
= 5.1, 2.5, and 1.25 mol/mol. Seawater [Ca]sw is indicated by the symbol
and colour-bar in the top right. Error bars are ± 2se and are calculated by
propagating errors in both the Mg/Cacc and Mg/Casw terms.
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Figure 2.9: (a) Shell KDMg of O. universa shells grown in experiments where
a range of Mg/Casw values was produced by varying only [Mg]sw. Power
functions are fitted to the data. Grey symbols are KDMg values replotted from
Figure 2.8. Error bars are ± 2se. (b) Shell KDMg of G. ruber and T. sacculifer
shells cultured by Evans et al. (2016) and Delaney et al. (1985), where [Mg]sw
was varied to produce a range of Mg/Casw ratios. These data are also fit with
power functions.
The KDMg response in experiments where Mg/Casw is changed by vary-
ing [Mg]sw while holding [Ca]sw constant is small, ranging from 0.0010 up
to 0.0015 (Figure 2.9 a). At the lowest Mg/Casw KDMg values are notably
lower than those where foraminifers were grown in seawaters with equiva-
lent Mg/Casw but higher [Ca]sw (cf. Figure 2.9 a, grey symbols). The KDMg
values obtained for cultured G. ruber and T. sacculifer by Evans et al. (2016)
and Delaney et al. (1985) where Mg/Casw was varied by changing [Mg]sw
have similar values to O. universa cultured in this study but show a greater
increase with decreasing Mg/Casw (Figure 2.9 b).
In the final set of experiments [Ca]sw and [Mg]sw were varied independently
to produce a range of Mg/Casw compositions, with [Ca]swequal to or ex-
ceedind modern seawater, and also compositions equivalent to modern sea-
water. The shells grown seawater with elevated [Ca]sw have significantly
higher KDMg values than shells grown at ambient and lower seawater [Ca]sw
concentrations (Figure 2.10).
All combined data set of O. universa shell KDMg values measured in this study
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Figure 2.10: Shell KDMg of O. universa shells grown in experiments with in-
dependently varied [Mg]sw and [Ca]sw at specific Mg/Casw values. Light
and dark grey symbols are the results plotted from the 2008 and 2011 culture
experiments taken from Figures 2.8 and 2.9). Error bars are ± 2se.
are plotted in Figure 2.11. Overall, shell KDMg values tend to increase slightly
as Mg/Casw decreases at specific [Ca]sw concentrations, as indicated by the
experiments run at modern [Ca]sw (shown by light blue symbols). However, it
is clear from these data that variations in [Ca]sw can exert a much larger effect
on KDMg than changes in [Mg]sw (Figure 2.11). A single partition coefficient
clearly does not apply for a specific Mg/Casw value, but rather a range of
KDMg values exists at any Mg/Casw that increases with [Ca]sw.
2.4 Discussion
2.4.1 Sensitivity of Mg in foraminifer calcite to Mg/Casw and
[Ca]sw
I have shown that the Mg/Ca composition of O. universa shells is sensitive to
both Mg/Casw and to [Ca]sw. This has significant consequences for the ap-
plication of the foraminiferal Mg/Ca seawater thermometer to ancient oceans
with different Mg/Casw and [Ca]sw to the modern ocean. The studies con-
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Figure 2.11: Shell KDMg of O. universa shells plotted as a function of Mg/Casw
with [Ca]sw concentration indicated by the symbol colour with reference to
the colour-bar in the top right. Variation in KDMg in response to varying
[Ca]sw is significantly larger than the response to Mg/Casw. Error bars are ±
2se.
ducted by Evans et al. (2016) and originally by Delaney et al. (1985) var-
ied Mg/Casw by changing [Mg]sw while keeping constant [Ca]sw. They fail
to capture the full extent of shell Mg/Ca composition sensitivity to the ac-
tual changes in [Mg]sw and [Ca]sw in ancient oceans. By accounting only for
changes Mg/Casw driven by [Mg]sw the Mg/Ca seawater thermometer cor-
rection proposed by Evans et al. (2016) is inadequate, and underestimates the
relative surface and thermocline temperatures of ancient oceans.
My results provide the basis for re-evaluating the pre-exponential and expo-
nential constants, B and A, in the Mg/Ca seawater thermometer (equation
2.1) to account for the effects of Mg/Casw and [Ca]sw and the shell Mg/Ca
compositions of O. universa. The pre-exponential B constant is replaced by
combining my equation 2.12 with the modern seawater thermometer cali-
brated for O. universa by Russell et al. (2004):
Mg/Cacc = 0.85 · exp(A·T) (2.13)
The exponential constant, A, is replaced by the temperature sensitivity de-
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termined for O. universa by Eggins et al. (2013), who calibrated the Mg/Ca
seawater thermometer over a range of temperatures (18-26 °C) at seawater
compositions that are analogues for Cretaceous-Paleogene, Eocene-Oligocene,
and modern oceans (Mg/Casw = 1.25, 2.5 and 5.1), that is:
A = (0.0168± 0.011) ·Mg/Casw + (0.0066± 0.0037) (2.14)
The above equations are solved at modern Mg/Casw 5.1, to generate a Mg/Ca-
Temperature partition function (as in Ries, 2004; Hasiuk and Lohmann, 2010):
Mg/Cacc =
(
[Ca]sw (t=t)
[Ca]sw (t=0)
)(0.43±0.09)
·
(
Mg/Casw (t=t)
Mg/Casw (t=0)
)(0.76±0.06.)
· 0.85 · exp((0.0168±0.011)·Mg/Casw+(0.0066±0.0037)·T) (2.15)
The combined effects of temperature and of seawater composition, Mg/Casw
and [Ca]sw, on the Mg/Ca composition of shell calcite precipitated by O.
universa, are shown in Figure 2.12 for modern and double modern [Ca]sw
values.
2.4.2 Applications of the new sensitivity of Mg in foraminifer
calcite to Mg/Casw and [Ca]sw
I apply my new formulation of the Mg/Ca seawater thermometer to estimate
seawater temperature from foraminifer shell Mg/Ca records published for the
Cenozoic and for the Paleocene-Eocene Thermal Maximum (PETM) event.
2.4.2.1 Reassessing temperature reconstructions from Mg/Cacc in benthic
foraminifers through the Cenozoic
The Cenozoic surface and deep ocean temperature records provide key in-
sights into seawater temperature and climate changes during major transi-
tions and events that have affected the Earth system over the past 60+ million
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Figure 2.12: Predictions of shell Mg/Ca compositions of O. universa as a func-
tion of temperature and Mg/Casw using the reformulated Mg/Ca seawater
thermometer that accounts for past changes in Mg/Casw and [Ca]sw (equa-
tion 2.15). Results are shown for (a) [Ca]sw = 10 mmol/kg and (b) [Ca]sw = 20
mmol/kg.
years. Previous temperature reconstructions have used equation 2.9 (Evans
and Müller, 2012), which accounts only for changes in Mg/Casw and have
assumed the exponential temperature sensitivity is constant and equivalent
to that for the modern ocean. In the absence of a long continuous plank-
tic foraminifer Mg/Ca record spaning the Cenozoic I will examine a low
Mg-calcite producing benthic foraminifer Mg/Ca compilation from Cramer
et al. (2011) and references therein. This record predominately uses Ori-
dorsalis umbonatus, which is a low Mg-calcite producing foraminifer, with
a shell Mg/Ca sensitivity to seawater temperature which exponentially in-
creases 7-9 % per degree C increase (Figure 2.13). I speculate here the tem-
perature similarities it shares with low Mg-calcite producing planktic and
benthic foraminifers extends to a Mg/Ca-temperature relationship with sim-
ilar sensitivity to Mg/Casw and [Ca]sw as other low Mg-calcite foraminifers
(e.g A. tepida; Dissard et al., 2010; Raitzsch et al., 2010; Dueñas-Bohórquez
et al., 2011). Here, I have reassessed the record of Cramer et al. (2011) to
correct for variations in Mg/Casw and [Ca]sw (Figure 2.14), and calculated a
new Cenozoic temperature record (Figure 2.15).
This compilation comprises a mix of benthic foraminifer species from mul-
tiple ocean basins, although only data consistent with Pacific Ocean records
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Figure 2.13: Core top calibrations between Mg/Ca of O. umbonatus and bot-
tom water temperatures from the studies of Rathmann et al. (2004) and from
Lear et al. (2010). Both data sets are fitted with exponential temperature
sensitivity equations.
Figure 2.14: Reconstructed Mg/Casw from the CCV data of Coggon et al.
(2010), and reconstructed [Ca]sw from the brine inclusion data of Horita et al.
(2002), Lowenstein et al. (2003) and Brennan et al. (2013). On the secondary
y-axis is the corresponding temperature sensitivity constant, which changes
with Mg/Casw, calculated by equation 2.14 (see text).
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Figure 2.15: Comparison of the Cenozoic deep sea temperature record recon-
stucted from the benthic foraminifer composite Mg/Ca record from Cramer
et al. (2011) using exponential temperature calibrations of Lear et al. (2010;
red) and Rathmann et al. (2004; blue) which are calculated with sensitivity to
the Mg/Casw and [Ca]sw, see text. Also plotted are the benthic foraminifer
temperature composites presented in Cramer et al. (2011) which are calcu-
lated with linear temperature equations in Lear et al. (2010; orange) and
Rathmann et al. (2004; green). Data is smoothed on a 5 Myr timescales, as
in Cramer et al. (2011), and shading represents an envelope of the range of
temperature estimates associated with each calibration.
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are compiled to calculate the evolution of the shell Mg/Ca composition trend
(following Cramer et al., 2011). The mix of benthic foraminifer shell Mg/Ca
compositions are normalized to O. umbonatus, which is present throughout
the compilation, following Cramer et al. (2011). Observed shell Mg/Ca com-
position were then corrected to account for changes in seawater composition:
Mg/Cacorr = Mg/Cacc ·
(
[Ca]sw
10
)(0.43±0.09)
·
(
Mg/Casw
5.1
)(0.76±0.06)
(2.16)
and used to solve for seawater temperature as follows:
T =
1
A
· ln
(
Mg/Cacorr
B
)
(2.17)
taking A values calculated from equation 2.14, and a B value of 1.528 from
an exponential fit to the core top shell data for O. umbonatus reported by
Rathmann et al. (2004). An alternative B value of 1.1432 was taken from an
exponential fit to the core top data of Lear et al. (2002) updated in Lear et al.
(2010; Figure 2.13). As the O. umbonatus calibrations of Rathmann et al. (2004)
and Lear et al. (2010) are incompatible and so are treated separately (see
Cramer et al., 2011). My approach differs from Cramer et al. (2011) who use
linear calibrations for the Mg/Ca-seawater thermometer. The resulting deep
ocean temperature records are also compared to reconstructions reported by
Cramer et al. (2011). My exponential fit to the temperature calibration of Lear
et al. (2010) produces consistently higher temperature estimates throughout
the Cenozoic compared to the those based on an exponential calibration of
Rathmann et al. (2004), reflecting the different B values used. This is similar
to the issues encountered by Cramer et al. (2011) with the linear calibration
of the Lear et al. (2010) data.
The new deep ocean temperature records show a trend of decreasing tem-
perature over the course of the Cenozoic, consistent with other records over
the same period (e.g Lear et al., 2000; Billups and Schrag, 2003; Cramer et
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al., 2011). Paleocene temperatures of ~ 22 °C (Lear) and ~ 15 °C (Rathmann)
decrease to ~ 17 °C (Lear) and ~ 10 °C (Rathmann) by the middle Eocene,
and cool rapidly by another 5 °C at the Eocene/Oligocene (E/O) boundary
(~ 33 Ma; Figure 2.15). The temperature step observed at the E/O bound-
ary is much more pronounced than the gradual 2-4 °C decrease estimated by
Cramer et al. (2011) and in the Cenozoic record by Lear et al. (2000). Abrupt
cooling at the E/O boundary in my new reconstruction is consistent with this
distinctiveness of this event in other temperature records, including benthic
foraminiferal δ18O, and the UK’37 and TEX86 sea surface temperature proxies
(e.g. Zachos et al., 1996, 2001; Billups and Schrag, 2003; Liu et al., 2009). From
the E/O boundary through to the Pleistocene the temperatures reconstructed
using Rathamnn et al. (2004) are lower by up to several degrees than those
estimated by Cramer et al. (2011), except around early to mid-Miocene, and
especially during the Pliocene. These differences result from accounting for
changes in Mg/Casw and [Ca]sw during this time (Figure 2.15). The Rath-
mann et al (2004) reconstruction estimates bottom water temperatures at ~ -1
°C for the modern ocean, significantly lower than the ~ 3 °C estimated from
the Lear et al. (2010) calibration.
The main difference that arises from correcting for Mg/Casw and [Ca]sw over
the past 65 million years is the large 4-5 °C step down at the E/O boundary.
This is consistent with the tectonic isolation of Antarctica and development
of the Antarctic Circumpolar Current at this time. The step down at around
44-45 Myr is also more marked than in the original Cramer et al. (2011)
reconstruction and could be associated with major plate reorganization and
changes to ocean circulation at around this time. The step down in the mid-
Miocene more closely matches that in the Cramer et al. (2011) reconstruc-
tions. While interpreting the significance of such details in these temperature
reconstructions is not the goal of this thesis, there is clearly significant future
potential to better constrain and interpret past deep ocean temperature and
ice volume and sea level changes through the Cenozoic using these recon-
struction improvements.
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2.4.2.2 Reassessment of temperature changes using Mg/Ca thermometry
at the PETM
Large temperature changes are known to occur on land and in the ocean
across the PETM (~56 Myr), a transient period in Earth history where the
massive release of carbon dioxide into the atmosphere from the geosphere re-
sulted in enhanced global warming. The PETM is marked by a large negative
excursion in terrestrial and marine carbon isotope (δ13C) records (Kennet and
Stott, 1991; Koch et al., 1992; Bralower et al., 1997; Zachos et al., 2005) which
has been attributed to the rapid release of massive amounts of isotopically
light carbon into the ocean and atmosphere (Dickens et al., 1997). The PETM
provides a partial analogue for anthropogenic fossil carbon burning and an
opportunity to examine climate feedbacks and response to a rapid increase in
atmospheric carbon dioxide. Seawater Mg/Ca and [Ca]sw were significantly
different during the PETM (Figure 2.14), and so I assess the sea surface tem-
perature change recorded in the shell Mg/Ca compositions of surface and
mixed layer dwelling foraminifers using my new formulation of the Mg/Ca
seawater thermometer that accounts for past changes seawater composition.
Revised reconstructions of seawater temperature changes across the PETM
are calculated using the shell Mg/Ca composition records for Acarinina solda-
doensis, Morozovella velascoensis and Subbotina reported by Penman et al. (2014)
and Tripati and Elderfield, (2004), shown in Figure 2.16. Seawater tempera-
ture is calculated using equations 2.14, 2.16 and 2.17, assuming Mg/Casw =
2.4 and [Ca]sw = 20 mmol/kg (Figure 2.14). A specific B term has not been
applied to any of these extinct species as the focus is on estimating the relative
temperature change across the PETM event.
Calculated temperature changes (ΔT) are estimated relative to the average
temperature pre-PETM. Calculated temperature changes based on shell Mg/Ca
compositions reported by Penman et al. (2014) from ODP site 1209 are dou-
ble the previously reported ΔT values, with estimates for Subbotina spp, A.
soldadoensis and M. velascoensis of 7.2, 8.5 and 9.7 °C, compared to previous
estimates of 3.8, 4.5 and 5.1 °C (Figure 2.16 a). Estimated ΔT based on shell
Mg/Ca compositions reported by Tripati and Elderfield (2004) from DSDP
site 527 are also double the previous estimates, with ΔT values for Subbotina
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Figure 2.16: Temperature change across the PETM estimated from shell
Mg/Ca composition records of A. soldadoensis, M. velascoensis and Subbotina
species. ΔT (°C) is calculated as the change in temperature relative to the av-
erage temperature pre-PETM. Mg/Ca data are from the studies of (a) Penman
et al. (2014) from Ocean Drilling Project (ODP) site 1209 and from (b) Tripati
and Elderfield (2004) from Deep Sea Drilling Project (DSDP) site 527. Open
symbols are temperature change estimates based on existing Mg/Ca seawa-
ter thermometers that employ no correction for Mg/Casw to the temperature
sensitivity term. Filled symbols are temperature change estimates based on
the new Mg/Ca seawater thermometer formulation developed in this study.
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spp, A. soldadoensis and M. velascoensis over the peak of the PETM event of
4.4, 4.5 and 5.7 °C as compared to the previous values of 2.3, 2.4 and 3.0 °C
(Figure 2.16 b). These results suggest much larger surface seawater temper-
ature changes than previously considered. If correct, they have significant
implications for interpreting the nature and impact of PETM event, and our
understanding of climate sensitivity.
2.4.3 Does the Mg/Ca of O. universa tell us anything about
biomineralisation?
The Mg partition coefficient, KDMg, of calcite precipitated by low-Mg foraminifers
is over an order of magnitude lower than that of both high Mg-calcite pro-
ducing foraminifers (Figure 1.2) and of inorganic calcite (Mucci and Morse,
1983). The difference between low-Mg foraminiferal calcite and inorganic cal-
cite implies these foraminifers reduce the amount of Mg that is incorporated
into their shell calcite via specific biological processes (Zeebe and Sanyal,
2002; Bentov and Erez, 2006).
Nehrke et al. (2013) proposed a model for foraminifer calcification in which
the Ca concentration is elevated at the site of calcification by trans-membrane
transporters (TMT) which actively pump Ca and discriminate against Mg.
These authors suggest the site of calcification in foraminifers is also partially
open (leaky) to external seawater, or that there is a contribution of ions from
vacuolized seawater, such that a fraction of the precipitated Ca ions is de-
rived directly from seawater by unregulated (‘passive’) transport to the site
of calcification (Figure 2.17). Nehrke et al. (2013) specifically propose shell
Mg/Ca compositions to be a function of the passive transport (PT) of Mg and
Ca from seawater, a small fraction of Mg that is not effectively discriminated
and passes with Ca through the TMT, and the seawater Mg/Casw by:
Mg/Cacc (mmol/mmol) ≈ 10 · PT ·Mg/Casw (2.18)
Applying the Nehrke et al. (2013) model to my experiments produces no
relationship between the calculated PT fraction and experiment Mg/Casw.
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Figure 2.17: Schematic showing Ca and Mg transport pathways from seawater
to the site of calcification in O. universa, as proposed by Nerhke et al. (2013).
Ca2+ enters the site of calcification predominantly by trans-membrane trans-
port (TMT) whereas Mg2+ enters predominantly by passive transport (PT)
from seawater, possibly by leaks in the foraminifers pseudopodial network or
via vacuoles of seawater.
The calculated fraction of passive transport of Mg appears to increase for
seawaters with lower Mg/Casw, and to increase for seawaters with higher
[Ca]sw (Figure 2.18). It seems counter intuitive that the site of calcification
would be leakier to Mg when the concentration of external Mg is relatively
reduced. The inability of PT to explain my data with a single ‘leakiness’ factor
does not support the biomineralization model of Nehrke et al. (2013).
An alternate biomineralization for foraminifers involves endocytosed (vac-
uolized) seawater being transported to the site of calcification (Erez, 2003).
Enrichment of Ca in or depletion of Mg during this process have both been
invoked to account for the low Mg content of foraminifer calcite (Zeebe and
Sanyal, 2002; Bentov and Erez, 2006; de Nooijer et al., 2009). Ca enrichment
would promote higher saturation states, and Mg depletion would help over-
come the inhibition of calcite precipitation by Mg (Berner et al., 1975; Davis
et al., 2000), either strategy could be beneficial to biomineralization. A caveat
to the vacuole model is the calculation by de Nooijer et al. (2009) that a
foraminifer would need to process 75x its own volume of seawater into vac-
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Figure 2.18: The amount of passive transport (PT) needed to explain the shell
Mg/Ca compositions produced in this study. These results preclude a PT
process that is linearly related to Mg/Casw. From the trans-membrane trans-
port – PT model proposed by Nerhke et al. (2013) greater amounts of passive
transport of Mg2+ need to occur at lower Mg/Casw and higher [Ca]sw.
uoles to build a Ca pool large enough for chamber calcification. Such a large
quantity of vacuoles has not been observed during calcification (de Nooijer et
al., 2009).
If low-Mg calcite precipitating foraminifers use Ca pumps to enrich Ca at the
site of calcification, at higher [Ca]sw concentrations foraminifers would not
have to enrich (pump in) as much Ca to reach saturation states required for
calcite precipitation. This could result in higher concentrations of Mg in the
calcification environment and higher concentrations of Mg in shell calcite.
Alternatively, if these foraminifers use Mg pumps, at lower [Mg]sw and/or
lower Mg/Casw foraminifers may not have to exclude (pump out) as much
Mg to reach saturation states that lead to calcite precipitation. This could
also result in greater relative amounts of Mg remaining in the calcification
environment and able to be incorporated into shell calcite. Thus, both cation
pumping scenarios could explain the increased shell Mg/Ca ratios with in-
creases in [Ca]sw and decreases in Mg/Casw.
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2.5 Conclusions
The Mg/Ca of planktic foraminifer shells is sensitive to the [Ca]sw concen-
trations of seawater as well as Mg/Casw, as evidenced by multiple magne-
sium partition coefficients calculated for foraminifer shells grown at the same
Mg/Casw with different [Ca]sw and [Mg]sw concentrations. The varied sen-
sitivity of foraminiferal shell Mg/Ca to Mg/Casw and [Ca]sw requires that
both these parameters are accounted for in any correction to foraminiferal
shell Mg/Ca thermometry. These finding have important implications for the
application of the foraminiferal Mg/Ca thermometer to climatic events where
[Mg]sw or [Ca]sw were different from modern. For example, a re-evaluation
of foraminiferal Mg/Ca thermometry with my revised calibration shows that
the seawater temperature change at the PETM may be double what has been
previously reported. It is vital to constrain the effects of both Mg/Casw and
[Ca]sw in other foraminifera species used to reconstruct past ocean tempera-
ture, particularly during the last ~50 My, where seawater Mg/Ca has changed
dramatically.
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Chapter 3
Do calcification kinetics determine
B/Ca in planktic foraminifera?
Evidence from Orbulina universa
cultures
Abstract
We cultured the planktic foraminifer Orbulina universa over a large range of
seawater pH, DIC, [B]sw, [Ca]sw, and calcite saturation state (Ω), to investi-
gate the sensitivity of shell B/Ca to seawater carbonate system chemistry and
to shell calcification rate. Experiments were designed to isolate the possible
influences of seawater pH, DIC, and Ω on shell B/Ca composition. These pa-
rameters co-vary in nature which leaves ambiguity as to what controls the
B/Ca ratio of planktic foraminifer shells. There have been a few cultur-
ing studies that attempt to disentangle some of these competing influences
(e.g. Allen et al., 2012; Kaczmarek et al., 2015; Howes et al., 2017). Here
we focus on the behavior of foraminifer shell B/Ca with respect to vary-
ing seawater [B(OH)4-/HCO3-] ratio, which underlies current understanding
of boron incorporation into foraminifer shell calcite. Our results show shell
B/Ca decreases with increasing DIC and increases with pH and [B]sw, consis-
tent with seawater [B(OH)4-/HCO3-] ratio being a determinant of foraminifer
shell B/Ca. We find no significant influence of [Ca]sw on shell B/Ca, con-
sistent with B(OH)4- being incorporated as an anionic species and competing
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with HCO3- for incorporation into the calcium carbonate lattice. A seven-
fold increase of calcite saturation state with pH, DIC and [Ca]sw produces
only a threefold increase in shell calcification rate. This suggests foraminifers
regulate the chemistry of their calcification environment, such that their calci-
fication rates are not directly linked to external seawater pH, DIC and [Ca]sw.
The regulated range of shell calcification rates rules out kinetic effects playing
a major role in producing B/Ca ratio variations in foraminiferal shells in na-
ture. Variation in the apparent boron partition coefficient for O. universa over
the range of seawater [B(OH)4-/HCO3-] ratios in these experiments may be
explained by pH regulation in the calcification environment of foraminifers
(cf. calcification rate effects).
3.1 Introduction
The B/Ca ratio and boron isotope (δ11B) compositions of fossil foraminifer
shells are important proxies for reconstructing past changes in ocean pH,
and carbonate chemistry (Yu et al., 2007, 2013; Hönisch et al., 2009; Tripati
et al., 2009, 2011; Foster et al., 2012; Penman et al., 2014; Martínez-Botí et
al., 2015a). Together, these parameters are used to constrain past changes
in seawater carbonate chemistry and the connections between atmospheric
carbon dioxide and ocean acidification (e.g. Hо¨nisch et al., 2012). However,
efforts to ground-truth the B/Ca proxy have revealed that it is sensitive to a
diverse range of environmental parameters in addition to seawater carbonate
system it is used to reconstruct. If B/Ca is to be used as a seawater carbonate
proxy, it is vital to identify the primary controls on B uptake in foraminifera.
Previous efforts to understand boron incorporation into foraminiferal cal-
cite have characterized B/Ca in shells collected from sediment traps and
seafloor sediment core-tops where the overlying water conditions are well-
constrained, or grown under controlled conditions in laboratory culture ex-
periments. These studies reveal that foraminiferal B/Ca is sensitive to sea-
water temperature, salinity, primary nutrient levels ([PO43-]), light levels, and
possibly shell calcification rate, as well as the carbonate system parameters
they are used to reconstruct (Yu et al., 2007; Foster, 2008; Allen et al., 2011,
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2012; Babila et al., 2014; Henehan et al., 2015; Salmon et al., 2016). Inorganic
precipitation experiments have also investigated B incorporation into calcite,
and found a strong dependence on mineral precipitation rate (Ruiz-Agudo et
al., 2012; Gabitov et al., 2014; Mavromatis et al., 2015; Uchikawa et al., 2015).
Together, these experiments create considerable uncertainty as to what are
the significant controlling factors on foraminifer shell B/Ca.
The incorporation of B into foraminifer calcite has been described as an ex-
change reaction in which the negatively charged borate ion is substituted into
the carbonate site in calcium carbonate (Hemming and Hanson, 1992):
CaCO3 (s) + B(OH)
−
4 (aq) ⇐⇒ Ca(HBO3) (s) + HCO−3 (aq) + H2O (3.1)
This reaction predicts the B/Ca of shell calcite will vary as a function of the
borate to bicarbonate ion ratio in seawater and an equilibrium stoichiometric
partition coefficient K*D, which varies with temperature, salinity and pressure
(Yu et al., 2007):
B/Ca = K∗D ·
([
B(OH)−4
]
/
[
HCO−3
])
(3.2)
The [B(OH)4-/HCO3-] ratio is a function of the seawater boron concentra-
tion ([B]sw), pH, dissolved inorganic carbon (DIC), and the stoichiometric
equilibrium constants (K*i’s), that are influenced by salinity, temperature and
pressure:
[
B(OH)−4
]
/
[
HCO−3
]
=
[B]sw · (1+ [H+] /K∗1 + K∗2 / [H+])
DIC · (1+ [H+] · K∗B) (3.3)
In combination, equations 3.2 and 3.3 predict that the B/Ca composition of
foraminifer shells should be a linear function of K*D, [B]sw, and 1/DIC, and a
52 Do calcification kinetics determine B/Ca in planktic foraminifera?
non-linear function of [H+]:
B/Ca = K∗D ·
[B]sw
DIC
· (1+ [H
+] /K∗1 + K
∗
2 / [H
+])(
1+ [H+] · K∗B
) (3.4)
In natural seawater, with relatively constant [B]sw and DIC, changing pH al-
ters [B(OH)4-] and decreases the [HCO3-], thereby raising the [B(OH)4-/HCO3-]
ratio and shell B/Ca. However, because both B and C speciation is sea-
water are highly sensitive to pH, all the carbonate system parameters are
highly correlated, and it is difficult to discern which is the primary driver of
foraminiferal B/Ca in natural systems.
Foraminifer culture experiments allow the precise manipulation of seawater C
and B chemistry, to isolate the individual effects of aqueous B and C species
and pH on shell B/Ca composition. To investigate whether shell B/Ca be-
haves in accordance with equation 3.4, I cultured the planktic foraminifera
Orbulina universa in a matrix of experimental conditions designed to isolate
the effects of seawater pH, DIC, and [B]sw on foraminiferal B/Ca (Figure 3.1).
This was achieved by both varying pH at constant DIC and [B]sw, and vary-
ing DIC at constant pH and [B]sw, all at constant temperature and salinity
to avoid influencing the equilibrium constants (K*D, K*1, K*2, K*B). My ex-
perimental matrix further allowed the separation of any kinetic growth rate
effects by controlling solution saturation state and Ca2+:CO32- stoichiometry,
which are known to influence calcite growth mechanisms and the incorpo-
ration of isotopes and trace elements (Teng et al., 2000; Nehrke et al., 2007;
Larsen et al., 2010; Stack and Grantham, 2010; Nielsen et al., 2012).
3.2 Methods
3.2.1 Foraminifer collection and culturing
Foraminifers were cultured following established methods (e.g. Russell et al.,
2004) during July and August 2014, at the Wrigley Institute for Environmental
Studies (WIES), on Santa Catalina Island, California. Juvenile, trochospiral
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Figure 3.1: The experiment matrix employed in this study covers a large range
of seawater pH, DIC, Ω and [B(OH)4-/HCO3-] ratios. Multiple saturation
states at the same pH and DIC are created by varying the [Ca]sw concentra-
tion. Although foraminifers should be adaptable to a wide range of seawater
compositions given the large changes in diurnal chemistry they experience
(e.g. Rink et al., 1998, Wolf-Gladrow et al., 1999), an upper limit on the sat-
uration state (Ω ~ <8) was used to avoid inorganic precipitation of calcium
carbonate within the culture jars. We also avoided having many experiments
in under saturated conditions (Ω <1), so set a lower pH limit of 7.5 (total scale)
and DIC limit of 1000 µmol/kg.
54 Do calcification kinetics determine B/Ca in planktic foraminifera?
Orbulina universa were hand collected by SCUBA divers in the San Pedro
Basin surface waters. All foraminifers were inspected and species identified
using an inverted light microscope. Each foraminifer is transferred into a 120
mL soda-lime glass jar (Wheaton) completely filled with experiment seawater,
and capped with an air tight lid lined with ParafilmTM ’M’ laboratory film to
prevent gas exchange with the atmosphere.
Seawater for experiments was collected at the SCUBA site and filtered (0.8
µm nitrate cellulose filters), and DIC, pH, [B]sw and [Ca]sw were adjusted to
experimental conditions (Table 3.1). Low DIC seawater (~ 1000 µmol/kg) was
made by combining equal portions of natural seawater and DIC-free seawa-
ter. DIC-free seawater was made by acidifying natural seawater to pH ~4 to
convert all DIC to CO2, and degassed by bubbling with N2 gas. High DIC
seawater (~ 4000 and 8000 µmol/kg) was produced by dissolving appropriate
amounts of sodium bicarbonate into seawater. Seawater with half the mod-
ern seawater calcium concentration (~ 5 mmol/kg) was created by mixing
equal portions of natural seawater, and artificial seawater that contained no
calcium. Artificial seawater was made by dissolving analytical grade seawater
salts into Milli-Q water (18 Ω), following Millero (1974; Table 3.2). It should
be noted that no nutrients or dissolved organic compounds are added into
the artificial seawater. It is thought that mixing natural with artificial sea-
water will at least ensure the presence of these unmeasured components of
seawater, however, these experiments could be depleted in nutrients relative
to experiments performed using only natural seawater.
Seawater with double the modern seawater calcium concentration (~ 20 mmol/kg)
was prepared by adding a stock CaCl2 solution to seawater. To facilitate the
measurement of boron in foraminifer shells boric acid was added to experi-
ment seawater to bring the concentration to ~5x (20 experiments) and ~2x (3
experiments) the boron concentration of modern seawater. pH of all seawa-
ters was set to target values by titration with 0.1M HCl or 0.1M NaOH.
Culture jars were kept in circulating water baths of constant temperature,
22 ± 0.6 °C, measured with HOBO TidbiT® loggers. A 12-12 hr light-dark
cycle at a PAR irradiance level >300 µmol photons m2/s was maintained to
maximize photosynthesis of the dinoflagellate symbionts of O. universa (Rink
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et al., 1998). Light levels were maintained using F24T12/CW/HO fluores-
cent bulbs, and was monitored weekly with a light meter. Every second day
foraminifers were fed a 1-day old brine shrimp (Artemia sp. nauplius, San
Francisco Bay strain). Experiments ended when foraminifers underwent ga-
metogenesis, leaving the empty shell to be rinsed in deionized water and
air dried for storage until subsequent cleaning and analysis at the Australian
National University (ANU).
3.2.2 Sample preparation and analysis
Total alkalinity was measured by Gran-titration using a Metrohm 785 open
cell autotitrator, calibrated with Dickson certified alkalinity standards. pH
was measured with a Metrohm pH electrode, calibrated with low ionic strength
pH buffers (4.00, 7.00 and 10.00 Fisher brand) to the NBS scale. pH and alka-
linity samples were measured at the beginning and end of each experiment.
the typical variation in alkalinity and pH over the duration of an experiment
is less than the actual measurement precision (Alkalinity variation <1 % and
pH variation of ±0.01 pH unit). Carbonate system parameters, and conver-
sion from pHNBS to pHTOTAL scale, were calculated using a version of the Van
Heuven et al. (2011) Matlab script (CO2SYS.m), modified to allow for changes
in seawater boron concentration that are independent of salinity. This modi-
fied script calls on the MyAMI code of Hain et al. (2015) (using PyMyAMI.m)
to account for sensitivity of the K*i constants to changes in [Ca]sw. Changes
in seawater calcium concentration are significant in the calculation of carbon-
ate system equilibria, as increased [Ca]sw reduces the activity of [CO32-], and
the buffering capacity of seawater (Hain et al., 2015). Samples of seawater for
trace metal analysis were taken at the beginning and end of experiments, by
passing the seawater through a 0.22 µm Millipore syringe filter and acidifying
with optima grade HNO3.
Seawater trace metal measurements were obtained using a Varian Vista Pro
Axial ICP-AES at the Research School of Earth Sciences (RSES), ANU (Table
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Table 3.2: Recipe for synthetic seawater for seawater with 0.5x [Ca]sw.
Salt amount to add*
(g/L)
NaCl 24.083
Na2SO4 3.845
KCl 0.730
NaHCO3 0.172
B(OH)3 0.024
MgCl.6H2O 10.288
CaCl2.2H2O 0.000
SrCl2.6H2O 0.023
*to 1 L of milliQ seawater
3.3). For ICP-AES analysis, seawater samples were diluted by a factor of ten
with 2 % HNO3. A three-point calibration was established at the beginning
of the analytical session and standard-sample-standard bracketing was em-
ployed to correct for instrument drift. [B]sw in the NASS-4 and CASS-4 seawa-
ter reference materials (NRC, Canada) was measured with a reproducibility
of 0.5 % (2σ).
Orbulina universa shells were oxidatively cleaned before laser-ablation-ICP-
MS (LA-ICP-MS) analysis. Shells were cracked open and immersed in a 50:50
mix of 30 % hydrogen peroxide and 0.1M NaOH, within a water bath for
10 minutes at 55 ± 5 °C (Pak et al., 2004). The buffered solution was then
removed and the shells were rinsed at least 3 times with ultra-pure Milli-Q
water. The shell fragments were inspected for effective cleaning, and mounted
with the inside of the shell facing upwards on carbon tape for analysis (Eggins
et al., 2003, 2004).
B/Ca measurements were acquired using a Varian 820 Quadrupole ICP-MS
coupled to a 193 nm ArF excimer laser through an ANU Helex laser ablation
system at the RSES, ANU, following procedures described by Eggins et al.
(2003, 2004). Three ablation profiles were made for each foraminifer, ablation
proceeded from the inside of the shell wall outwards. These profiles are used
to calculate the average bulk B/Ca composition for each shell. The population
mean and standard error for each experiment group were calculated from the
individuals in an experiment. B/Ca compositions determined by LA-ICP-MS
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Table 3.3: Experiment seawater boron and calcium concentrations measured
by ICP-AES.
[B]sw [Ca]sw
Experiment (µmol/kg) 2σ (mmol/kg) 2σ
#9 1998 6 10.28 0.15
#14 1966 19 10.29 0.08
#17 2280 8 10.14 0.15
#7 1961 18 10.08 0.04
#6 1973 25 10.10 0.05
#8 1942 13 10.03 0.06
#22 1904 14 10.09 0.13
#5 1996 9 10.19 0.11
#4 2057 11 10.40 0.17
#23 1965 13 10.20 0.16
#10 1943 18 5.05 0.01
#12 1959 4 5.08 0.03
#11 1968 11 5.06 0.01
#25 1895 13 5.00 0.01
#20 1925 22 5.03 0.01
#19 1915 20 21.58 0.06
#24 1991 4 22.13 0.13
#16 1867 6 22.64 0.20
#13 1932 16 21.89 0.09
#15 1960 9 22.20 0.08
#1 705 2 10.41 0.04
#2 691 4 10.23 0.08
#3 697 5 10.34 0.12
do not suffer from the documented boron memory effect in solution based
ICP-MS (Al-Ammar et al., 1999, 2000), as the boron signal rapidly returns to
background levels, allowing for rapid sample throughput.
Depth profiling foraminifer shells by LA-ICP-MS offers the advantage of
obtaining trace element measurements along with estimates of calcification
rates. Mean linear growth rates for shells were determined by dividing the
shell wall thickness (profile length) by the observed number of diurnal growth
band pairs (assuming each pair reflects 24 hrs of continuous growth). Wall
thickness was derived using the assumption that as ablation proceeds through
the shell, each laser pulse removes a 0.1 µm thick layer of calcite for an ap-
plied fluence of ~2 J/cm (as in Eggins et al., 2003). Linear calcification rate
(µm/day) can then be converted to rate with units of mass per unit surface
area per unit time using the density of calcite, and the volume and area of
shell calcite sampled which are calculated from the laser ablation spot size
and the shell thickness. This approach provides an estimate of the average
growth rate, and smooths over the variation between day and night calcifi-
cation, which has been shown to proceed three times faster during the day
compared to the night (Lea et al., 1995).
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3.3 Results
3.3.1 Shell B/Ca variation with seawater carbonate system chem-
istry, [B]sw and [Ca]sw
Measured shell B/Ca compositions (Table 3.1) are shown plotted against pH,
[CO32-] and DIC in Figure 3.2. It should be noted that our experiments con-
tain small numbers of foraminifers (n = 4 – 8), these low numbers translate
into relatively large uncertainties due to variability in composition between
individual shells. Individual variability can be brought about by a range of
factors including; size, growth rate and the genetics of the foraminifer itself
(Boyle, 1995), as well as the size, growth rate and location of the symbiont
population, all which influence the chemistry of the seawater immediately
surrounding the foraminifera (Wolf-Gladrow et al., 1999).
B/Ca compositions in the shells of O. universa increases with pH and [B]sw,
and decreases with increasing DIC (Figure 3.2 e-g). Similarly, the seawater
[B(OH)4-/HCO3-] ratio increases with pH, [CO32-], [B]sw and decreases with
DIC (Figure 3.2 a-d). The positive response of shell B/Ca to seawater pH is
well documented in culture studies (Allen et al., 2011, 2012; Henehan et al.,
2015). The negative response of foraminiferal B/Ca to DIC has been reported
in cultures of Trilobatus sacculifer by Allen et al. (2012) and in Amphistegina
lessonii by Kaczmarek et al. (2015). The response of foraminifer shell B/Ca
to pH and DIC dominate the relationship of shell B/Ca with [CO32-], which
is why [CO32-] is documented to correlate with B/Ca compositions (Yu et
al., 2007; Foster, 2008; Allen et al., 2011), although it has no direct role in
determining [B(OH)4-/HCO3-].
Shell B/Ca linearly increases with elevated seawater [B]sw, shown in the ~2x
and ~5x [B]sw experiments conducted across a range of pH (Figure 3.2 h).
The measured shell B/Ca compositions in O. universa from pH experiments
at modern seawater [B]sw, and [B]sw concentration experiments, which show
the linear increase in shell B/Ca with [B]sw reported by Allen et al. (2011) are
also plotted (Figure 3.2).
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Figure 3.3: Box plots of measured B/Ca in O. universa shells, grouped into
DIC and pH experiments to highlight the lack of systematic change in shell
B/Ca to variation in [Ca]sw relative to the modern seawater concentration
(i.e. 10.4 mmol/kg). The crosses (x) are outliers that sit outside the lower and
upper quartiles. µCa denotes the mean shell B/Ca ratio in a particular [Ca]sw
experiment seawater. The similarity of the means across [Ca]sw treatments is
described.
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Variation in seawater [Ca]sw shows no consistent effect on shell B/Ca values
over a wide range of seawater carbonate system conditions (Figure 3.3). I
used a student’s t-test to determine if the bulk shell B/Ca produced at dif-
ferent [Ca]sw concentrations but similar carbonate system conditions were
significantly different from each other, at the 5 % confidence level (i.e. p <
0.05). At ambient DIC (~2000 µmol/kg) and pH (7.85, total scale) no signif-
icant difference in shell B/Ca occurs across a four-fold change in seawater
[Ca]sw from 5 to 20 mmol/kg. At ambient DIC (~2000 µmol/kg) and low pH
(7.54, total scale) a significant (p < 0.05) 40 % decrease in shell B/Ca, from
445 to 268 µmol/mol, occurs as [Ca]sw is increased from 10 to 20 mmol/kg
(Figure 3.3). However, at ambient DIC (2000 µmol/kg) and high pH (8.16,
total scale), shell B/Ca ratios increase by 20 %, from 588 to 700 µmol/mol, as
[Ca]sw increases from 5 to 10 mmol/kg (p > 0.05; Figure 3.3). At low DIC (963
µmol/kg) and high pH (8.19, total scale), foraminifers grown at half modern
[Ca]sw have 45 % lower shell B/Ca (p < 0.05) compared to shells at modern
and double modern [Ca]sw (Figure 3.3).
3.3.2 Boron partitioning into foraminiferal calcite
The B/Ca ratios measured in O. universa shells are plotted as a function of ex-
perimental seawater [B(OH)4-/CO32-], [B(OH)4-/HCO3-] and [B(OH)4-/DIC]
in Figure 3.4. In all cases there is a broad trend of increasing shell B/Ca with
seawater [B(OH)4-/carbon species] ratios which is clearly non-linear linear
and cannot be fit by a single constant partition coefficient (KD), as proposed
by Yu et al. (2007).
The boron partition coefficient (KD) of O. universa, calculated as the shell
B/Ca molar ratio normalized to the seawater [B(OH)4-/HCO3-] molar ratio
(equation 3.2), shows no significant relationship with the saturation state (Ω)
of the experiment seawaters (Figure 3.5 a). Saturation states spanning Ω <
1 to 7, achieved by varying [CO32-] through independent pH and DIC ma-
nipulation, and by varying [Ca]sw, have produced relatively small changes in
foraminifer calcification rate (Figure 3.5 b). A 7-fold increase in DIC (from
1061 to 7993 µmol/kg) is accompanied by an equivalent 7-fold increase in Ω,
but results in only a 1.8x increase in calcification rate. Similarly, a full pH unit
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Figure 3.4: Measured B/Ca of O. universa plotted against (a) [B(OH)4-/CO32-],
(b) seawater [B(OH)4-/HCO3-] and (c) [B(OH)4-/DIC] ratios. Error bars
are ± 1se. The low ‘off trend’ data point, at [B(OH)4-/HCO3-] = 0.6 and
[B(OH)4-/DIC] = 0.5, was cultured at pHTOTAL = 8.16, DIC = 977 µmol/kg
and 0.5x [Ca]sw.
increase from (7.56 to 8.55, total scale) also increases Ω by a factor of seven, yet
the calcification rate only increases by ~1.7x. A ~4x increase of [Ca]sw (from 5
mmol/kg to 20 mmol/kg) increases Ω 3.5x, but results in a calcification rate
increase of only 1.3x. The very large range in Ca2+:CO32- molar ratios from
11 to 823, also appears to have no significant effect on boron partitioning into
foraminifer calcite (Figure 3.6).
3.4 Discussion
3.4.1 Controls on B incorporation into shell calcite
Previous carbonate system culture experiments have been unable to isolate
controlling factors on foraminifer shell B/Ca ratios because carbonate system
parameters have not been varied independently (Allen et al., 2011, 2012). In
this study, I separated the influences of [B]sw, pH and DIC, and show that
all exert a significant influence on shell B/Ca, in a manner broadly consistent
with their contribution to seawater [B(OH)4-/HCO3-] ratio (equation 3.3; Fig-
ure 3.2). Increases in the B/Ca ratio of foraminiferal calcite with pH and with
[B]sw (Figure 3.2) support the selective incorporation of B(OH)4- from seawa-
ter into calcium carbonate, as [B(OH)4-] increases with both [B]sw and pH.
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Figure 3.5: (a) The boron partition coefficient, KD, of O. universa plotted
against the saturation state (Ω) of experiment seawaters. (b) The calcification
rate reported as log10 Rate (reported as mol/m2/sec) of O. universa plotted
against the Ω of experiment seawater. Error bars are ± 1se.
The incorporation of B(OH)4- into calcium carbonate through an exchange
reaction with HCO3- (equation 3.1) is supported by the negative relationship
between shell B/Ca and seawater DIC, noting DIC is dominated by HCO3-
(Figure 3.2 g). This differs from inorganic calcite, where B/Ca ratios exhibit
a positive relationship with solution DIC, driven by increased calcite precip-
itation rate at higher DIC concentrations (Uchikawa et al., 2015). It follows
that seawater DIC either influences foraminifer B/Ca in a way consistent with
the exchange reaction (equation 3.1), and/or seawater DIC does not have a
significant effect of foraminifer shell calcification rate.
To investigate whether foraminifer shell B/Ca compositions respond to sea-
water [B(OH)4-/HCO3-], as predicted by the exchange reaction (equation 3.1),
we examine how seawater [B(OH)4-/HCO3-] responds to pH, [CO32-] and
DIC, and compare these trends to the B/Ca of shells grown in the same condi-
tions (Figure 3.2). The response of shell B/Ca to variations in pH is similar to
that of seawater [B(OH)4-/HCO3-], however shell B/Ca varies following a dif-
ferent functional form with pH; its response is less steep, and has a significant
non-zero intercept (Figure 3.2 a and e). The relationship between shell B/Ca
and [CO32-] is dominated by trends in seawater pH and DIC (Figure 3.2 b and
f), as [CO32-] is a function of both DIC and pH, and therefore does not have
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Figure 3.6: The boron partition coefficient, KD, of O. universa plotted against
the [Ca2+]:[CO32+] ratio of experiment seawaters (note log scale). No obvious
trends in the partition coefficient occur as a function of [Ca2+]:[CO32+] ratio.
Kink nucleation step velocities (v) in nm/s for acute and obtuse steps based
on the calcium to carbonate ratio of experiment seawaters are plotted in (a)
after Stack and Grantham (2010).
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Figure 3.7: The relationship between carbonate system parameters pHT and
DIC with [CO32-] and [B(OH)4-/HCO3-], at T = 22 °C and S = 33.3 psu.
a straightforward relationship with [B(OH)4-/HCO3-] (Figure 3.7). The clos-
est relationship between seawater [B(OH)4-/HCO3-] and foraminifera B/Ca
is seen with varying DIC (Figure 3.2 c and g). Shell B/Ca increases linearly
with increases in [B]sw, as observed in Allen et al. (2011). Across the range
of experimental seawater [B]sw compositions, shell B/Ca increases less sensi-
tively to increases in pH than to seawater [B(OH)4-/HCO3-] (Figure 3.2 d and
h). In all comparisons between shell B/Ca and seawater [B(OH)4-/HCO3-],
some spurious data points that do not fit with expected trends are evident.
For example, the low shell B/Ca composition at low pH (pHT = 7.54) with
~ 2000 µmol/kg DIC and 2x [Ca]sw, and the low shell B/Ca composition at
high pH (pHT = 8.19, with ~1000 µmol/kg DIC and half [Ca]sw, (Figure 3.2
e-g). In summary, shell B/Ca compositions generally follow the form of sea-
water [B(OH)4-/HCO3-] ratio curves with changing seawater pH, DIC and
[B]sw, albeit less steeply.
The fits obtained for foraminifer shell B/Ca at 5x [B]sw to changing seawater
pH at specific DIC values and to changing seawater DIC at specific pH values
are:
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at DIC 1000 µmol/kg
B/Ca = (−4432± 107) + (646± 13) · pHT
(
R2 = 0.99, n = 4
)
(3.5)
at DIC 2000 µmol/kg
B/Ca = (−2979± 560) + (448± 71) · pHT
(
R2 = 0.98, n = 3
)
(3.6)
at pHT ~ 7.6
B/Ca = (6602± 628) · DIC (µmol/kg)(−0.37±0.02)
(
R2 = 0.88, n = 4
)
(3.7)
at pHT ~ 7.9
B/Ca = (7026± 398) · DIC (µmol/kg)(−0.34±0.02)
(
R2 = 0.98, n = 3
)
(3.8)
The calcium concentration of seawater cannot be expected to directly influ-
ence shell B/Ca compositions if B(OH)4- competes with HCO3- to substitute
into CO32- sites in calcium carbonate, rather than the Ca2+ site (equation 3.1).
Nonetheless, [Ca]sw could influence B incorporation through the effect of sat-
uration state on calcification rates, potentially resulting in higher shell B/Ca
compositions in foraminifers that calcify faster. However, where [Ca]sw is var-
ied at fixed pH and DIC, no systematic or significant change occurs in shell
B/Ca or calcification rate (Figures 3.3 and 3.5). Changes in seawater DIC,
pH and [B]sw produce the most significant and systematic variations in boron
incorporation into foraminifer shells that is consistent with control of shell
B/Ca predominantly via the seawater [B(OH)4-/HCO3-] ratio.
3.4.2 Do calcification kinetics influence B/Ca in shell calcite?
Foraminifers are widely considered to calcify faster in the presence of elevated
seawater carbonate ion concentrations and calcite saturation states (Lohmann,
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1995; Barker and Elderfield, 2002; Bijma et al., 2002). This is supported by
culture experiments that report increased shell thickness and shell weight of
O. universa with increased [CO32-] and calcite saturation state (Bijma et al.,
1999; Russell et al., 2004). Nonetheless, foraminifer calcification rates do not
conform to inorganic calcite precipitation rates, which follow the rate law
(Burton and Walter, 1987; Mucci and Morse, 1983):
R = k (Ω− 1)n (3.9)
in which, k is a rate constant, Ω is the saturation state and n is the order of
reaction, which has a typical value between 1 and 2 for temperatures between
15 – 30 °C (Burton and Walter, 1987). Small changes in Ω causes large relative
changes in the precipitation rate of inorganic calcite (equation 3.9), whereas
foraminifer calcification rates are notably damped as Ω increases (Figure 3.8).
The largest range in linear calcification rate of 2.7x observed in this study
occurs between Ω = 1.25 and 6.5. This compares to a 100 fold increase for
inorganic calcite predicted by equation 3.9 over the same range of Ω (Figure
3.8).
The restricted range of calcification rates in O. universa suggests this and other
similar planktic foraminifers may regulate shell calcification within narrow
limits. Why shell calcification rates of O. universa are so insensitive to cal-
cite saturation state compared to inorganic calcite, and how shell calcification
rates might be regulated by these foraminifers is unclear. If shell calcifica-
tion is linked to chemical modification of endocytosed seawater vacuoles, as
argued in previous studies (Erez, 2003; de Nooijer et al., 2014), control of
shell calcification rates could be decoupled from external seawater chemistry
through simple feedback mechanisms that regulate the rate of formation and
delivery of vacuoles and their contents to the growing shell surface. This
could explain the small change in shell calcification rates observed over the
large range of Ω in this study, and the asymptotic change in shell weight of O.
universa with increasing [CO32-] documented previously by Bijma et al. (1999)
and Russell et al. (2004).
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Figure 3.8: Change in calcification rate of O. universa, relative to the control
experiment conducted at Ω = 3.08. For comparison, the increase in inorganic
precipitation rate relative to the inorganic calcite precipitation rate calculated
at Ω = 3.08, is modelled (dashed line) using the rate law from Burton and
Walter, (1987), equation 3.9.
Calculated apparent boron partition coefficients (KD, see equation 3.2) for
foraminifer shells grown in this study span an order of magnitude but show
no significant variation with calcification rate. This contrasts with inorganic
calcite, which show a similar range in KD, but over a much larger range
of precipitation rates (Uchikawa et al., 2015; Figure 3.9). Uchikawa et al.
(2015) find that at relatively faster calcite precipitation rates (log10R >-5.5) a
KD which is defined by the incorporation of both borate and boric acid, i.e.
total [B]sw, is needed to explain the trend of increased boron incorporation
with increased rate. While, at slower calcite precipitation rates (log10R <-5.5)
the traditional KD describing the exchange of only the charged borate species
into calcite can explain boron incorporation into calcite. The calcification rates
of foraminifers in this study supports the use of the boron partition coefficient
where only B(OH)4- is incorporated, as defined in equation 3.2 (Figure 3.9).
The narrow range of calcification rate observed for O. universa suggest cal-
cification rate does not exert a significant influence on observed KD’s and
boron incorporation into O. universa shells. In contrast, one other study re-
ports a precipitation rate effect on foraminiferal B/Ca (Salmon et al., 2016).
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Figure 3.9: The boron partition coefficient of O. universa cultured in this study
(circles), plotted against calcification rate, reported as log10 Rate (mol/m2/s).
The inorganic calcite precipitation experiments by Uchikawa et al. (2015)
(diamonds) are plotted on the same axis for comparison. Errorbars are ± 1se.
However, the method used to estimate foraminiferal calcification rates in their
study (shell area density) relies on an assumed time-period of foraminiferal
calcification, and is therefore has large uncertainties. In this study, we have
determined the linear calcification rate from the length of laser ablation depth
profiles and diurnal Mg/Ca banding, which provides a direct measure of
shell thickness and an estimate for the period of growth of individual shells.
Slow precipitation of inorganic calcite allows more time for the borate ion
to undergo a coordination change from tetrahedral to trigonal, so that it
is compatible within the calcite lattice (Noireaux et al., 2015). The narrow
range and relatively slow rates (log10R between -6.4 and -5.9) at which O. uni-
versa calcify could account for the presence of trigonally coordinated boron
in foraminiferal calcite (Klochko et al., 2009; Branson et al., 2015).
At a finer scale, the kinetics of atom-by-atom crystal growth may also influ-
ence B incorporation. The anisotropy of the calcite mineral structure leads to
structural differences in the growing crystal surface, with acute and obtuse
angle steps on different mineral faces. Obtuse steps in growing calcite reach
a maximum propagation velocity at Ca2+:CO32- ratios slightly greater than
unity, while acute steps reach a peak velocity at Ca2+:CO32- ratios slightly
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less than one (Nehrke et al., 2007; Bracco et al., 2012), because of the differ-
ences in the sizes of the Ca2+ and CO32- ions. Both step velocities decrease at
higher and lower ratios. The molar Ca2+:CO32- ratio of seawater may there-
fore influence boron partitioning into foraminifer calcite through its effect
on calcite growth and growth step propagation velocity (Nehrke et al., 2007;
Perdikouri et al., 2009; Larsen et al., 2010; Stack and Grantham, 2010). In
seawater, the Ca2+:CO32- activity ratio is well above unity (~50). This should
favour much faster propagation of obtuse steps than acute steps and result the
preferential incorporation of specific ions on obtuse steps depending on their
size and coordination (Reeder and Rakovan, 1999; Larsen et al., 2010; Stack
and Grantham, 2010). Attempts to establish the preference of boron for incor-
poration at acute or obtuse steps have yielded conflicting results (Hemming
et al., 1995; Ruiz-Agudo et al., 2012). If boron partitioning in foraminifers is
step selective and therefore sensitive to the solution Ca2+:CO32- ratio, sys-
tematic changes in boron partitioning with changing seawater Ca2+:CO32-
could be expected depending on whether boron is incorporated preferen-
tially into either acute or obtuse steps (Figure 3.6 a). Despite the wide range
of Ca2+:CO32- ratios (from 11 to 823) in our experiments, the Ca2+:CO32- ra-
tio shows no significant or systematic influence on bulk B incorporation in
planktic foraminifer calcite (Figure 3.6 a).
It is important to acknowledge that foraminifer calcification might not be in-
fluenced by the kinetics of atom-by-atom crystal growth. There are numerous
pathways of particle attachment during crystallization, the process can in-
volve particles that range from multi-ion complexes up to fully formed nano-
crystals (see De Yoreo et al., 2015). If this is the case, partitioning of elements
into foraminiferal calcite might be better compared the partition coefficients
produced in inorganic calcites which are precipitated via an analogous path-
way, e.g. the precipitation of calcite through an amorphous calcium carbonate
phase (Blue et al., 2017). This comparison would require knowing the path-
way of particle attachment of foraminifers.
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3.4.3 Evidence for modification of the calcification environ-
ment chemistry?
The B/Ca composition of foraminifer shells deviates from the theoretical basis
of the B/Ca proxy (equation 3.2) which assumes the exclusive incorporation
of the borate ion from seawater (Yu et al., 2007; Foster, 2008; Allen et al., 2011,
2012; Henehan et al., 2015). Shell B/Ca compositions do not vary linearly
with seawater [B(OH)4-/HCO3-] ratio nor do they trend though the origin
as seawater [B(OH)4-/HCO3-] approaches zero (Figure 3.4 a). Instead, the
relationship between shell B/Ca and [B(OH)4-/HCO3-] has a significant non-
zero intercept (Figure 3.2 e and g). This suggests that boron is more effectively
partitioned into calcite at lower rather than higher [B(OH)4-/HCO3-] or, in
other words, B/Ca has a higher apparent KD at lower [B(OH)4-/HCO3-] (see
Figure 3.4 a; Allen et al., 2011).
The difference between the observed and theoretical behavior of B/Ca pre-
dicted by equation 3.2 can be explained if foraminifera upregulate the pH
of their calcification environment (de Nooijer et al., 2009). To explore this
possibility, I compare shell B/Ca compositions produced over a range of sea-
water pH, DIC and [B(OH)4-/HCO3-] values with those predicted by a boron
partition coefficient that is constant and appropriate for O. universa calcifica-
tion rates (KD = 0.00073 at R = 10-6.0 mol/m2/s, from Uchikawa et al., 2015;
Figure 3.10). Measured B/Ca compositions in O. universa are consistently
greater than those predicted based on experiment seawater [B(OH)4-/HCO3-]
values using this boron partition coefficient (Figure 3.10 a). This is con-
sistent with a localised increase in pH at the calcification site relative to
seawater (i.e. [B(OH)4-/HCO3-] shifted to the right). This could either be
achieved through passive effects of photosynthesis in the foraminiferal micro-
environment (Zeebe et al., 2003), or active alkalinity pumping to facilitate cal-
cification in a controlled space, similar to that proposed for corals (Cohen and
McConnaughey, 2003; Allemand et al., 2004; Trotter et al., 2011; McCulloch et
al., 2012).
The daytime photosynthetic activity of the foraminifers’ symbionts creates
a microenvironment adjacent to the shell with low CO2 (DIC) and high pH
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(Jørgensen et al., 1985; Rink et al., 1998; Wolf-Gladrow et al., 1999; Kо¨hler-
Rink and Kühl, 2005). I have used the diffusion-reaction model of Zeebe et al.
(2003) to estimate pH and [B(OH)4-/HCO3-] at the surface of the foraminifer
shell. Based on a typical adult O. universa respiration and symbiont photo-
synthesis rates, changes in the microenvironment fall short of the pH and
[B(OH)4-/HCO3-] values required to produce the observed shell B/Ca val-
ues, except for the highest pH experiment (see open symbols in Figure 3.10
b). This suggests that an alkalinity pump (e.g. proton pump) may be needed
to raise both the pH and [B(OH)4-/HCO3-] of the internal calcification envi-
ronment relative to external seawater, and produce the observed foraminiferal
B/Ca (Figure 3.10 b). Large proton gradients have been visualized using pH
sensitive dyes during chamber formation in the benthic species Ammonia (Toy-
ofuku et al., 2017). Toyofuku et al. (2017) observe a significant decrease in
the pH immediately surrounding a calcifying foraminifer, suggesting an out-
wards flux of protons from the calcification space, and therefore the presence
of an active proton pump.
Variable increases of calcification environment pH are required to match mea-
sured and predicted foraminiferal B/Ca (Figure 3.10 b). A larger increase is
required at low seawater pH and high DIC than at high seawater pH and
low DIC. The greater increases in calcification environment pH calculated at
lower seawater pH could be explained if foraminifers pump protons to reach
a ‘target’ pH, such that less proton pumping occurs in foraminifers grown in
seawaters with high seawater pH. It is interesting that the highest calcifica-
tion environment pH required to explain observed shell B/Ca values occurs
in the experiment with the lowest seawater pHT (7.57) and highest DIC (7993
µmol/kg; blue symbol in Figure 3.10 b). This is intriguing because this sea-
water composition has the highest buffer capacity, and therefore should have
the most resistance to change in pH, particularly compared to seawaters with
lower DIC. If DIC concentration effects precipitation rate at the growing crys-
tal surface, instead of at the bulk shell scale, the underlying assumption of
a constant KD in these calculations is flawed, because KD changes with rate
(Uchikawa et al., 2015). This might be able to account for the trend of increas-
ing estimated calcification pH values with increasing seawater DIC concentra-
tions (Figure 3.10 b). Finally, I note the calcification environment pH values
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Figure 3.10: (a) The B/Ca composition of foraminifer shells grown in a range
of seawater treatments with different seawater [B(OH)4-/HCO3-]. The dashed
line represents the shell B/Ca compositions that would be produced from
seawater [B(OH)4-/HCO3-] assuming a constant KD of 0.00073. Horizontal
arrows indicate the increase in seawater [B(OH)4-/HCO3-] required to recon-
cile the high B/Ca values in the shells of O. universa with those predicted
from a constant boron partition coefficient. (b) The pH needed to produce
the [B(OH)4-/HCO3-] increase in panel (a) is indicated by the filled symbols
in panel (b). The estimated pH of the microenvironment during the day is
plotted as unfilled symbols, as calculated using the diffusion-reaction model
for the microenvironment of O. universa of Zeebe et al. (2003). The small
elevation of microenvironment pH is insufficient to account for the measured
shell B/Ca values. This changing apparent boron partition coefficient can be
explained if foraminifers upregulate the pH of their calcification environment.
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predicted by these calculations are similar to calcification environment pH es-
timates made by Rollion-Bard and Erez (2010) based on δ11B measurements of
the symbiotic benthic foraminifer Amphistegina lobifera, where a calcification
environment pH ‘threshold’ of 9 was found for foraminifers cultured over a
similar wide range of seawater pH (7.90-8.45, NBS scale).
3.5 Conclusions
Shell B/Ca compositions of O. universa are positively correlated with pH and
[B]sw, and are negatively correlated with DIC. This is consistent with the
seawater [B(OH)4-/HCO3-] ratio and with influence of these seawater car-
bonate system parameters on the [B(OH)4-/HCO3-] ratio of seawater being
the principle control on foraminiferal shell B/Ca. Similarly, shell B/Ca shows
no significant correlation with [Ca]sw, consistent with boron substituting for
CO32- ions in the calcite lattice, but not with solution Ca2+:CO32- stoichiome-
try or saturation state (Ω). The calcification rate of O. universa increases only
by 2.7x across a saturation state range from Ω = 1.25 to 6.5. This indicates
foraminifer calcification rates are strongly regulated compared to precipita-
tion rates of inorganic calcite which are expected to increase 100-fold over
the same saturation state range. Similarly, unlike inorganic calcite precipita-
tion experiments, calculated apparent boron partition coefficients, KD, for O.
universa do not show any significant correlation with calcification rate, but
rather a large range of KD values is observed over a relatively tight range of
calcification rates.
B/Ca compositions measured in O. universa are higher than B/Ca values pre-
dicted for seawater [B(OH)4-/HCO3-] ratios, based on a boron KD value ap-
propriate for slowly precipitated calcite. The strongly non-linear behaviour
of shell B/Ca composition from seawater [B(OH)4-/HCO3-] can be explained
if foraminifers increase the pH and thereby the [B(OH)4-/HCO3-] of their cal-
cification environment.
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Chapter 4
Seawater carbonate system controls
on TE/Ca shell compositions of the
planktic foraminifer Orbulina
universa
Abstract
Seawater carbonate system parameters ([CO32-], pH, saturation state, etc.)
influence the trace element chemistry of foraminifera shells. However, the
highly correlated nature of these parameters has prevented previous studies
from identifying their specific influences on shell chemistry. In this study, I
cultured the planktic foraminifer Orbulina universa under conditions of vary-
ing seawater pH, dissolved inorganic carbon (DIC) and calcium concentra-
tions, and calcite saturation states (Ω) to investigate the response of foraminifer
shell trace element/Ca compositions and shell calcification rate to individual
aspects of the carbonate system.
My experiments reveal the significant influence of DIC on shell Sr/Ca, Mg/Ca
and U/Ca. Importantly, increases in [CO32-] concentration related to DIC
cause increases in shell Sr/Ca and Mg/Ca compositions, while increases
in [CO32-] concentration related to pH have little effect on shell Sr/Ca and
Mg/Ca. This demonstrates the dependence of these elements on DIC, rather
than pH, and highlights their potential suitability as a proxy for past ocean
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DIC. Mn/Ca compositions did not respond significantly to any changes in
seawater carbonate system parameters.
Despite a large range of calcite saturation states in the experimental seawa-
ters there is little change in the linear calcification (shell thickening) rates of
foraminifer shells. It is therefore unlikely that the large range of trace element
partitioning observed in this study can be attributed to mineral precipitation
rate effects. I examine the potential for Rayleigh reservoir fractionation dur-
ing biomineralisation to explain the patterns in KDSr and KDMn systematics,
but demonstrate that these processes are unable to reproduce the partition-
ing patterns in my data. Rather, I suggest that partitioning patterns could be
explained if shell thickening rates are decoupled from actual crystal precipi-
tation rates at the growing surface, and if precipitation rate is proportional to
external seawater chemistry.
4.1 Introduction
The ability to constrain past changes in the carbonate system chemistry of
the oceans is essential to understanding the ocean’s role Earth’s carbon cy-
cle. The overall state and spatial variation of carbonate system chemistry
within the oceans has significant influence on CO2 exchange between the at-
mosphere and ocean. At present, the ocean absorbs a significant fraction
of anthropogenic CO2, and has helped moderate the rise of CO2 levels in
the atmosphere (e.g. Sabine et al., 2004; Sabine and Freely, 2007). Improv-
ing our understanding of the dynamics of the ocean and atmospheric carbon
system in the past will better equip us to predict the future course and con-
sequences of fossil carbon emissions. To build this understanding, we need
robust palaeo-archives that record multiple aspects of the ocean carbon sys-
tem.
For any given temperature, pressure, and salinity, the carbonate system chem-
istry of seawater can be constrained if any two of the following six parameters
are known: seawater pH, alkalinity, total dissolved inorganic carbon (DIC),
carbonate ion concentration [CO32-], bicarbonate ion concentration [HCO3-],
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or dissolved carbon dioxide. Currently, seawater pH can be estimated from
the boron isotopic composition of foraminifer shells (e.g. Pearson and Palmer,
2000; Hönisch and Hemming, 2005; Foster, 2008; Martínez-Botí et al., 2015 a
and b), but determining a second carbonate system parameter is problematic.
One possible candidate proxy is the B/Ca ratio of planktic foraminifer shells,
which empirically correlates with a number of related seawater carbonate
system parameters (Yu et al., 2007; Chapter 3).
However, the boron partition coefficient KD is known to vary with seawater
conditions (Yu et al., 2007; Allen and Hönisch, 2012) and is reported to be sen-
sitive to a range of factors not captured in Equation 2, including temperature,
salinity, [CO32-] (Yu et al., 2007; Foster, 2008; Hendry et al., 2009; Allen et al.,
2011; Tripati et al., 2011), light levels (Babila et al., 2015), growth rate, shell
size (Ni et al., 2007; Naik and Naidu, 2014; Salmon et al., 2016), and primary
nutrient levels (Henehan et al., 2015). Furthermore, inorganic calcite precipi-
tation experiments call into question the exclusive incorporation of B(OH)4-,
and suggest shell B/Ca could vary largely due to calcite precipitation rates
(Uchikawa et al., 2015). Given all this uncertainty, there is a need to better un-
derstand what controls boron incorporation into foraminiferal calcite and the
potential significance of precipitation rate effects before B/Ca can be applied
as a reliable carbonate system chemistry proxy.
In this chapter, I investigate the response of foraminiferal Sr/Ca, Mg/Ca,
Mn/Ca and U/Ca to seawater carbonate system chemistry, to ascertain their
potential as carbonate system proxies. In my experiments I vary pH, DIC and
dissolved calcium concentration ([Ca]sw) independently, to unambiguously
relate specific aspects of the carbonate system to foraminiferal chemistry.
Independently varying both [CO32-] and [Ca]sw further allows me to explore
a range mineral precipitation conditions. A primary control on precipitation
rate in inorganic systems is the calcite saturation state (Ω):
Ω =
[
Ca2+
] · [CO2−3 ]
K∗sp
(4.1)
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Figure 4.1: Seawater compositions used in culture experiments.
where K*sp is the solubility product of calcite at a given temperature and
salinity. Precipitation rate (R) is a direct function of Ω:
R = k (Ω− 1)n (4.2)
where k is a rate constant and n is the order of reaction, typically between 1
and 2 (Burton and Walter, 1987). My experimental matrix allows the separa-
tion of the individual effects of DIC, pH and [Ca]sw, Ω and mineral precipita-
tion rate on the shell TE/Ca compositions of the planktic foraminifer Orbulina
universa. The matrix of seawater [Ca]sw and carbonate system experiments is
shown in Figure 4.1. This is the same set of experiments investigated in Chap-
ter 3 to determine the controls on foraminiferal shell B/Ca compositions.
Throughout, I consider trace element (TE) uptake in terms of their partition
coefficients (KDTE) between shell calcite and seawater, based on the relevant
cation exchange reaction with Ca between shell calcite and seawater, that is:
CaCO3 + TE2+ ⇐⇒ TECO3 + Ca2+ (4.3)
and assuming Henry’s law behavior, such that:
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K TED =
TE/Cacc
TE/Casw
(4.4)
4.1.1 Trace Elements in shell calcite
Each of the TE/Ca ratios investigated (Mg/Ca, Mn/Ca, Sr/Ca and U/Ca)
have been previously considered as proxies for other oceanographic parame-
ters.
Sr/Ca
Foraminiferal Sr/Ca has been used to reconstruct records of past seawater Sr
concentrations ([Sr]sw), based on an assumed constant partition coefficient,
KDSr through time (Martin et al. 1999; Stoll et al., 1999). However, the Sr/Ca
composition of foraminifer is also considered to be related to calcification
rate and, by association, to seawater temperature, salinity, light and/or pH
via their influence on shell calcification rates (Lea et al., 1999; Elderfield et
al., 2002; Dueñas-Bohórquez et al., 2009). This is based on the well docu-
mented effect of precipitation rate on the Sr/Ca composition of inorganic
calcite (Lorens, 1981; Tang et al., 2008; De Paolo et al., 2011). Foraminiferal
Sr/Ca increases with seawater [CO32-], however the response to DIC induced
[CO32-] increases is more than an order of magnitude stronger than pH con-
trolled [CO32-] increases (Allen et al., 2016).
Mg/Ca
The Mg/Ca ratio in planktic foraminifer shells is highly sensitive to temper-
ature (Nurnberg et al., 1995; Lea et al., 1999; Russell et al., 2004), and is a
well-established means of reconstructing past surface seawater temperatures
(e.g. Lear et al., 2000; Tripati et al., 2003). A consistent ~9 % increase in
shell Mg/Ca ratio per degree increase in temperature has been documented
in a wide range of planktic foraminifer species (e.g. Nürnberg et al., 1996;
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Rosenthal et al., 1997; Lea et al., 1999; Anand et al., 2003). Foraminifer shell
Mg/Ca compositions are also found to be sensitive to several other factors,
including salinity (Kisakurek et al., 2008; Hönisch et al., 2013), seawater pH
and/or [CO32-] (Lea et al., 1999; Russell et al., 2004; Evans et al., 2015a), and
to the seawater Mg/Ca ratio (Delaney et al., 1985; Evans and Müller, 2012;
Evans et al., 2015b; Chapter 2). These other factors may need to be corrected
for when using foraminifer Mg/Ca ratios to reconstruct past surface seawa-
ter temperatures (e.g. Evans et al., 2015 a and b). However, in the case of
pH and [CO32-], it is not yet clear which factor causes shell Mg/Ca com-
positions to decrease with increases in pH and [CO32-], because both have
been interdependent variables in existing studies. A clearer understanding of
which carbonate system parameters control foraminifer Mg/Ca compositions
is needed before a correction procedure for pH or [CO32-] can be established
(Allen et al., 2016).
Mn/Ca
Foraminiferal Mn/Ca correlates with dissolved Mn concentration in seawater
([Mn]sw) in both natural conditions (Klinkhammer et al., 2009) and experi-
mental cultures (Eggins, pers. comm., unpublished data). A strong negative
correlation has also been reported between shell Mn/Ca compositions and
both seawater temperature and [CO32-] (Allen et al., 2016). The partition-
ing of Mn into inorganic calcite is well established and is known to decrease
with increasing calcification rate calcite (Lorens, 1981). This is consistent with
Mn being compatible in inorganic calcite (i.e. KDMn >1) and similar behavior
might be expected for Mn partitioning into shell calcite.
U/Ca
Foraminifer U/Ca varies with the U concentration of seawater ([U]sw); Rus-
sell et al., 1994), and shows a strong negative relationship with increasing
[CO32-] (Russell et al., 2004; Keul et al., 2013; Allen et al., 2016). This can be
linked to a pH control on the speciation of U in seawater. At modern sur-
face seawater pH, uranyl ions (UO22-) complex with one or more carbonate
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groups (Djogic´ et al., 1986) and the dominant uranyl tri-carbonate complex,
UO2(CO3)34-, substitutes directly for Ca2+ and multiple CO32- groups in the
calcium carbonate lattice (Reeder et al., 2000), as described by the reaction:
CaCO3 (s) +UO2 (CO3)
4−
3(aq) ⇐⇒ UO2CO3 (s) + Ca2+(aq) + 3CO2−3 (aq) (4.5)
This predicts that foraminiferal shell U/Ca composition should vary with
seawater [CO32-] following a strong inverse power relationship:
U/Ca = K∗UD ·
([
UO2 (CO3)
4−
3
]
/
[
Ca2+
]
·
[
CO2−3
]3)
(4.6)
4.2 Methods
The effects of the seawater carbonate system and calcification rate on shell
Sr/Ca, Mg/Ca, Mn/Ca and U/Ca ratios in planktic foraminifer shell calcite
are assessed by culturing O. universa over a range of experimental seawater
compositions. Temperature and salinity were kept constant in all experiments
to avoid their already well documented effects on various foraminiferal shell
TE/Ca compositions (Lea et al., 1999; Russell et al., 2004; Kısakürek et al.,
2008; Dueñas-Bohórquez et al., 2009; Allen et al., 2016). The foraminifer cul-
turing procedures, sample preparation, and calculations used for this study
are described in detail in Chapter 3.2.
Seawater Mg/Ca, Mn/Ca, Sr/Ca and U/Ca ratios were measured using
an Element XRTM ICP-MS at the Research School of Earth Sciences, Aus-
tralian National University. Seawaters were diluted 100x with 2 % ultrapure
HNO3 for analysis. 238U was measured in low resolution (M/4M = 400) and
24Mg, 25Mg, 42Ca, 55Mn, 86Sr and 88Sr were measured in medium resolution
(M/4M = 4000). A standard-sample-standard bracketing procedure was em-
ployed to monitor and correct for instrumental drift over the analysis session.
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The reproducibility of measured Mg/Ca, Mn/Ca, Sr/Ca and U/Ca ratios in
the NASS-7 seawater reference material (NRC, Canada) was 0.85, 1.22, 0.66
and 0.58 % (1σv), respectively. Seawater compositions are reported in Table
4.1.
Total dissolved [Mn]sw in the experimental seawater varied between 1.86 and
6.93 µmol/kg. I attribute this range to variation in [Mn]sw due to mixing
of the coastal California Current waters and the Southern Californian Coun-
tercurrent waters in the San Pedro Channel over the course of the culture
season. To account for this variation in [Mn]sw on measured foraminifer shell
Mn/Ca ratios, I used the measured [Mn]sw of each experiment to rescale the
shell Mn/Ca ratios proportionally to account for variation in [Mn]sw from the
average seawater [Mn]sw of 0.36 µmol/kg.
Total dissolved [U]sw also varied between 5.08 and 10.84 nmol/kg, due to
mixing of natural seawater containing ~10 nmol/kg U with artificial seawater
which contained no added U. To accommodate this variation in [U]sw values,
shell U/Ca values were rescaled proportionally to correct for differences in
[U]sw from a value of 13.4 nmol/kg reported for San Pedro channel surface
water by Russell et al. (2004). The rescaled shell Mn/Ca and U/Ca com-
positions based on measured seawater [Mn]sw and [U]sw compositions are
reported in Table 4.2.
4.3 Results
4.3.1 Shell TE/Ca variation with seawater carbonate system
chemistry
Average shell Mg/Ca, Mn/Ca, Sr/Ca and U/Ca values measured in exper-
iments with [Ca]sw equivalent to that of modern seawater (i.e., [Ca]sw = 10
mmol/kg) are plotted against seawater carbonate system variables in Figure
4.2. All shell TE/Ca compositions and experimental conditions are reported
in Tables 4.2 and 4.3. Due to the small number of measured shells in some
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experiments and inherently high population variability, relatively large un-
certainties are obtained for mean measured shell Mg/Ca, Mn/Ca, and U/Ca
compositions, typically 7, 12, 18 and 33 %, respectively (Table 4.2). A sum-
mary of the more significant relationship observed between specific bulk shell
TE/Ca compositions and seawater carbonate system variables are outlined
below, and calculated Pearson correlation coefficients (R) between bulk shell
TE/Ca compositions and seawater carbonate system variables are given in
Table 4.4.
4.3.1.1 Sr/Ca
Shell Sr/Ca compositions show strong positive correlations with DIC and
weak positive correlations with pH and [CO32-] (Figure 4.2; Table 4.4). The
trends of increasing shell Sr/Ca with pH and with [CO32-] are consistent
with a previously reported 1.6 ± 0.4 % increase in Sr/Ca composition per 0.1
seawater pH unit increase, and a 3.3 ± 0.6 % increase in Sr/Ca composition
per 100 mol/kg increase in [CO32-] as reported by Russell et al. (2004). The
response of shell Sr/Ca compositions to seawater DIC and pH is described
by a power function of the form:
Sr/Cacc (mol/mol) =
(0.000721± 0.000120) · pHT · DIC (mol/kg)(0.266±0.027) (4.7)
with one standard deviation errors on the fit parameters. Fits to equation 4.7
are plotted alongside measured shell Sr/Ca compositions in Figure 4.2.
4.3.1.2 Mg/Ca
Foraminifer shell Mg/Ca compositions show positive correlations with DIC
and variable responses to seawater pH and [CO32-] (Figure 4.2; Table 4.4).
Previous studies report decreases in shell Mg/Ca composition of 7 ± 5 % per
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Figure 4.2: Changes in bulk shell compositions of O. universa as a function of
carbonate system parameters of experimental seawaters with modern [Ca]sw
=10 mmol/kg. Lines show models fitted to the data, described in text. Results
from experiments with modified [Ca]sw have been excluded for simplicity, but
show the same general trends. Error bars are ± 1 se.
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Table 4.4: Pearson linear correlations (R) and significance (p) calculated for
each experiment. Bold font indiciates a p value ≤ 0.1.
Experiment Variable Mg/Ca Mn/Ca Sr/Ca U/Ca
DIC = 1037 (µmol/kg) pHTOTAL
R -0.19 0.09 0.13 -0.65
p <0.01 0.67 0.27 0.27
DIC = 2016 (µmol/kg) pHTOTAL
R 0.12 -0.45 0.08 0.19
p 0.45 0.29 0.62 <0.01
DIC = 3974 (µmol/kg) pHTOTAL
R -0.14 -0.49 0.23 0.73
p 0.02 0.77 0.62 0.82
DIC = 1037 (µmol/kg) [CO32-]
R -0.22 0.31 0.06 -0.59
p <0.01 .067 0.27 0.27
DIC = 2016 (µmol/kg) [CO32-]
R 0.01 -0.49 0.02 0.26
p 0.30 0.29 0.62 <0.01
DIC = 3974 (µμmol/kg) [CO32-]
R -0.14 -0.49 0.23 0.73
p 0.02 0.77 0.62 0.82
pHTOTAL=7.57 [CO32-]
R 0.72 0.27 0.88 -0.48
p 0.02 0.07 0.11 0.02
pHTOTAL=7.86 [CO32-]
R 0.04 -0.49 0.93 -0.67
p <0.01 0.69 0.93 <0.01
pHTOTAL=8.19 [CO32-]
R 0.09 -0.05 -0.06 -0.08
p 0.83 0.48 0.83 <0.01
pHTOTAL=7.57 DIC
R 0.72 0.27 0.88 -0.47
p 0.02 0.07 0.11 0.02
pHTOTAL=7.86 DIC
R 0.04 -0.48 0.93 -0.69
p <0.01 0.69 0.91 <0.01
pHTOTAL=8.19 DIC
R 0.09 -0.05 -0.06 -0.08
p 0.83 0.48 0.83 <0.01
0.1 pH unit, and 23 ± 18 % per 100 µmol/kg increase in [CO32-] (Russell et
al., 2004; Allen et al., 2016). The response of shell Mg/Ca compositions to
seawater DIC and pH is described by a power function of the form:
Mg/Cacc (mol/mol) =
(0.0055± 0.0018) · pHT · DIC (mol/kg)(0.309±0.055) (4.8)
with one standard deviation errors on the fit parameters. Fits to equation 4.8
are plotted alongside measured shell Mg/Ca compositions in Figure 4.2. The
trend-line between Mg/Ca and pH and [CO32-] are influence by the relatively
high Mg/Ca compositions at ambient pH (pHT = 7.86, Figure 4.2). The pos-
itive Mg/Ca-DIC correlation observed in low pH experiments (pHT = 7.57),
which span the largest DIC range, is particularly significant (R = 0.72, p =
0.02).
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4.3.1.3 Mn/Ca
Shell Mn/Ca compositions do not show a significantly strong response to any
carbonate system parameter, all Mn/Ca data are fit with relatively horizontal
linear regressions (Figure 4.2). This is inconsistent with results previously
reported for O. universa by Allen et al. (2016), which show strong negative
correlations with both pH and [CO32-]. Shell Mn/Ca compositions in our
experiments are up to three times higher (at the lowest pH) than those re-
ported by Allen et al. (2016). This may in part be due to scaling shell Mn/Ca
compositions to an average [Mn]sw composition.
4.3.1.4 U/Ca
Foraminifer shell U/Ca values show negative trends with pH, [CO32-] and
DIC (Figure 4.2). The decrease in U/Ca composition with increasing DIC is
significant (at pHT = 7.57 and 7.86; R = -0.47 and -0.69, p = 0.02 and < 0.01).
The relationships between measured shell U/Ca compositions and both pH
and [CO32-] are consistent with, although much steeper than, the 12 ± 3 %
increase in shell U/Ca composition per 0.1 pH unit and 25 ± 7 % increase
in shell U/Ca composition per 100 µmol/kg increase in [CO32-] reported for
O. universa shells by Russell et al. (2004). The observed trends between shell
U/Ca composition and both pH and [CO32-] have been fitted as exponen-
tial functions, as in Russell et al. (2004). Variation in shell U/Ca composi-
tions are broadly consistent with the inverse power law (i.e. proportional to
1/[CO32-]3) predicted from equation 4.6 (Figure 4.2).
4.3.2 Shell Sr/Ca and Mg/Ca variation with [CO32-]
Both Sr/Ca and Mg/Ca shell compositions show sensitivity to changes in
[CO32-] arising from variation in DIC at constant pH and variation in pH at
constant DIC (Figure 4.2). This is not the case for Mn/Ca or U/Ca shell com-
positions. Broadly similar responses in shell Sr/Ca and Mg/Ca compositions
with changes in [CO32-] have been reported for O. universa by Russell et al.
(2004; see Figure 4.2) and for Trilobatus sacculifer by Allen et al. (2016).
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Figure 4.3: Foraminiferal Sr/Ca responses to [CO32-] due to varying DIC and
pH for O. universa (panels a and b) and for T. sacculifer (panel c; Allen et al.,
2016). Error bars are ± 1se and fitted lines are from equation 9. Shell Sr/Ca
compositions of O. universa (panels a and b) and T. sacculifer (panel c) are
plotted as a function of [CO32-] and grouped by how [CO32-] was changed,
by varying seawater DIC or varying pH. Error bars are ± 1se. Regressions
plotted are from equation 4.7 and its associated errors.
4.3.2.1 Sr/Ca
The behaviour of shell Sr/Ca compositions with changing [CO32-] is notable
for differing with the cause of [CO32-] change (Figure 4.3). For increases in
[CO32-] due to DIC, Sr/Ca compositions increase by 53 % from 1.08 ± 0.01 to
1.84 ± 0.03 at low pH (pHT = 7.57; Figure 4.3 a), and by 35 % from 1.15 ± 0.02
to 1.56 ± 0.03 at ambient pH (pHT = 7.86; Figure 4.3 b). No significant change
in shell Sr/Ca compositions occur where similar increases in [CO32-] due to
pH changes at low or ambient DIC (DIC = 1037 and 2016 µmol/kg; Figure
4.3 a and b). The systematics of these shell Sr/Ca composition responses to
pH and DIC have similarities to those reported by Allen et al. (2016) for T.
sacculifer (Figure 4.3 c).
4.3.2.2 Mg/Ca
The behavior of shell Mg/Ca compositions with changes in [CO32-] may also
be linked to the cause of [CO32-] variation (Figure 4.4). For changes in [CO32-]
due to pH at constant DIC (both 1037 and 2016 µmol/kg) shell Mg/Ca com-
positions do not vary significantly (Figure 4.4 a and b). In contrast, when
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Figure 4.4: Foraminiferal Mg/Ca responses to [CO32-] due to varying DIC
and pH for O. universa (panels a and b) and for T. sacculifer (panel c; Allen et
al., 2016). Error bars are ± 1se. and fitted lines are from equation 4.8 and its
associated errors.
[CO32-] varies from 50 to 250 µmol/kg due to increasing DIC at low pH (pHT
= 7.57), Mg/Ca compositions more than double from 5.5 ± 0.4 to 10.2 ± 1.3
mmol/mol (Figure 4.4 a). A similar significant increase in Mg/Ca does not
take place when [CO32-] is varied due to DIC at ambient pH (pHT = 7.86;
Figure 4.4 b), but it is notable that the largest effect on shell Sr/Ca compo-
sitions also occurs with DIC variation at low seawater pH and that a similar
muted response for shell Mg/Ca compositions with varying DIC at interme-
diate seawater pH has been reported for T. sacculifer by Allen et al. (2016;
Figure 4.4 c).
4.3.3 TE partitioning into shell calcite as a function of seawa-
ter composition
To examine the behaviour of O. universa shell Mg/Ca, Mn/Ca, Sr/Ca and
U/Ca compositions to changes in [Ca]sw the apparent partition coefficients
for Mg/Ca, Mn/Ca and Sr/Ca have been calculated according to equation 4.4
and for U/Ca calculated by rearrangement of equation 4.6, and are plotted as
a function of [Ca]swin Figure 4.5.
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Figure 4.5: Calculated partitioning of (a) Mg, (b) Mn, (c) Sr and (d) U into
O. universa shell calcite as a function of [Ca]sw. In the case of KDSr DIC also
appears to play a role in affecting the partitioning coefficient. Power law
trends lines are fit to groups of shells grown in experiments at similar DIC
concentrations.
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4.3.3.1 KDMg
KDMg shows significant increases with [Ca]sw between 5.04 to 22.09 mmol/kg
(i.e. from half to double the modern seawater [Ca]sw; Figure 4.5 a), and
increases as seawater DIC increases (consistent with trend reported in section
3.2.1).
4.3.3.2 KDMn
KDMn shows a consistent increase (doubling) at all seawater DIC compositions
with increasing [Ca]sw over the range 5.04 and 22.09 mmol/kg (Figure 4.5 b).
4.3.3.3 KDSr
KDSr does not show a consistent response to changes in [Ca]sw (Figure 4.5
c). At low DIC (DIC = 1037 µmol/kg), KDSr does not change significantly as
[Ca]sw increases from 5.04 to 22.09 mmol/kg. At ambient seawater DIC (2016
µmol/kg) and high DIC (3974 µmol/kg) KDSr decreases as [Ca]sw increases
over the same range (Figure 4.5 c).
4.3.3.4 KDU
KDU shows no consistent variation with [Ca]sw possibly due to its complex
incorporation mechanism of UO2(CO3)34- into the CaCO3 lattice (Figure 4.5
d).
4.3.4 Influence of seawater carbonate chemistry on shell cal-
cification rate and TE partitioning
An advantage of the high resolution depth profiling LA-ICP-MS technique
used here to measure shell chemistry is that it permits linear growth rates (in
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Figure 4.6: Calculated log10 Rate in mol/m2/s for foraminifer shells in each
experiment plotted against the (a) Ω (b), [CO32-], (c) [Ca]sw of seawater. Error
bars (± 1se) reflect the variability of calcification rates of individuals within
each experiment.
µm/day) to be determined for each foraminifer shell from the length (thick-
ness) and from the number of diurnal Mg/Ca bands observed in the shell
wall profile (assuming each pair represents 24 hours of continuous growth).
The thickness of the shell wall is determined assuming each laser pulse re-
moved a 0.1 µm thick layer of calcite (Eggins et al., 2003). The comparison
of linear calcification rates of O. universa shells with inorganic calcification
rates, is facilitated by converting linear shell growth rates in units of µm/day
to mol/m2/sec, using the density of calcite (2.71 g/cm3), and the volume
and area of shell calcite sampled which are calculated from the laser ablation
spot size and the shell thickness. The resulting average calculated calcification
rates (R) for shells from each experiment population are found to be restricted
to a small range between log10 Rate (R) = -6.40 and -5.96 mol/m2/s, despite
the large range of experimental seawater Ω, [CO32-] and [Ca]sw compositions
(Figure 4.6). This range is even narrower (log10 R = -6.25 to -5.96) if the ex-
periment with the lowest calcification rate is excluded, noting this to be the
only experiment which is calcite undersaturated (Ω < 1; Figure 4.6 a). Overall
a slight increase in calcification rate occurs with increasing saturation state
for all experiments with Ω > 1 (Figure 4.6 a), and no significant difference in
calcification rates occurs between experiment groups with different seawater
DIC concentrations.
Plots of trace element partition coefficients against calcification rates for all
experiments show no significant or systematic relationship between element
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incorporation for Mg, Mn, Sr or U into shell calcite with variation in calcifi-
cation rate (Figure 4.7).
4.4 Discussion
4.4.1 Shell TE/Ca variation with seawater carbonate system
chemistry
My experiments isolate the influence of specific carbonate system parameters
and investigate potential calcite saturation state effects on the trace element
composition of shells precipitated by the model planktic foraminifer O. uni-
versa. I specifically sought to disentangle the effects of [CO32-] variation due
to pH and due to DIC on trace element incorporation into the shells of plank-
tic foraminifers (cf. Russell et al., 2004; Allen et al. 2011). This study reveals
different responses of Sr/Ca and Mg/Ca to varying seawater [CO32-] depend-
ing on whether [CO32-] is varied by changing seawater pH or DIC. When DIC
is varied at constant pH shell Sr/Ca and Mg/Ca ratios increase markedly,
particularly at lower pH values. In contrast when seawater pH is varied at
constant DIC, shell Sr/Ca and Mg/Ca compositions show little or no signif-
icant variation (Figures 4.3 and 4.4). This, supported by the results of Allen
et al. (2016), suggests that DIC exerts the most influence on shell Sr/Ca and
Mg/Ca, and that pH and [CO32-] exert limited influence. This result is also
consistent with the decoupled carbonate system experiments by Keul et al.
(2017) on the benthic foraminifer species Ammonia, whereby shell Sr/Ca ra-
tios increase with increases in seawater DIC, but do not change significant
when seawater pH changes.
Our results, support those of Allen et al. (2016) and Keul et al. (2017), which
suggest that the Sr/Ca composition of foraminifer shells could serve as a
proxy for past seawater DIC, given its negligible response to pH and high
sensitivity to seawater DIC. This could make a valuable companion seawater
carbonate proxy to the δ11B seawater pH proxy that could be used to constrain
the seawater carbonate system. I find a good fit to a function with linear
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Figure 4.7: Calculated partition coefficients of Mg, Mn, Sr and U in
foraminifer calcite as a function of the log10 Rate (mol/m2/sec).
§4.4 Discussion 99
dependence on pH and exponential dependence on DIC (equation 4.7; Figure
4.3).
An important next step will be to characterize the potential Sr/Ca-DIC proxy
in planktic species used for paleo-seawater reconstructions and to refine the
proxy calibration by analysing larger numbers of foraminifers to improve the
precision of the relationship. Further studies are also needed to resolve the
specific dependencies of foraminifer shell Mg/Ca compositions to changes
in [CO32-] arising with variation in seawater pH and DIC. This echoes Allen
et al. (2016) who concluded the need to determine the functional form of
the response of shell Mg/Ca compositions to DIC, pH and [CO32-]. Evans
et al. (2016) suggested different regression fits obtained for shell Mg/Ca
compositions in different foraminifer species as a function of seawater pH
and/or [CO32-] might reflect the changing capacity of foraminifers to exclude
Mg from the calcification environment under different seawater carbonate
chemistries. These experiments indicate shell Mg/Ca compositions are par-
ticularly sensitive to changing DIC levels at low seawater pH, providing a
promising avenue for future research. They also point to the importance of
determining whether a linear or power function best describes shell Mg/Ca
variation with DIC (Figure 4.2). Constraining this relationship will improve
the correction on Mg/Ca derived temperature estimates.
Our results indicate shell Mn/Ca compositions are insensitive to seawater
carbonate system parameters, in contrast to previous observations by Allen
et al. (2016). Given the relationship between [Mn]sw and shell Mn/Ca (Eg-
gins, unpublished data), it is possible that this discrepancy arises from the
assumption of constant [Mn]sw in Allen et al (2016)’s experiments. Therefore,
my results suggest that Mn/Ca may not constitute a good proxy for seawater
[CO32-].
Decreasing shell U/Ca ratios with seawater pH, [CO32-] and DIC are con-
sistent with the negative dependence of planktic foraminifer U/Ca ratios on
[CO32-] reported by Russell et al. (2004) and Allen et al. (2016) (Figure 4.2),
and also with the relationship between UO2(CO3)34- and 1/[CO32-]3 in sea-
water (equation 4.6). Decoupled carbonate system chemistry experiments on
the benthic foraminifer species Ammonia by Keul et al. (2013) show negative
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correlations between shell uranium content and seawater carbonate system
parameters. Keul et al. (2013) identify [CO32-] as the controlling parameter
on U incorporation and add support to the use of foraminifer U/Ca as a
proxy for seawater [CO32-].
4.4.2 Possible controls on TE partitioning into shell calcite
4.4.2.1 Calcification rate
Our experiments show the linear calcification rates of O. universa shells fall
within a narrow range (Figure 4.6) despite the wide range of seawater DIC,
[Ca]sw and investigated. Our log10 Rate estimates (log10 R = -6.40 to -5.96
mol/m2/s) are consistent with estimates for O. universa based on average
increase in shell weights during culture (i.e. 4-8 µg/day) over a wide range of
seawater temperature, salinity and [CO32-] by Allen et al. (2016). They are also
consistent with calcification rates for O. universa (log10 R ≈ -6.5 mol/m2/s)
reported in Fantle and Tipper (2014) based on experiments by Gussone et al.
(2003) over a [CO32-] range from 137 – 530 µmol/kg. The small range (2.5x)
in calcification rate in O. universa over the large range of seawater carbonate
system and calcite saturation conditions in our experiments is consistent with
the small range (2x) reported by Allen et al. (2016). It follows that these
planktic foraminifers regulate their shell growth rates to within a narrow
range, and “exert strong control over [shell] calcification rates” (Allen et al.,
2016).
The large range in partition coefficients measured for different elements in
calcite precipitated by O. universa is not accounted for by the narrow range of
shell calcification rates; there is no clear correlation between TE partitioning
and measured calcification rate (Figure 4.7). This contrasts with the large
range of partition coefficients observed in inorganic calcite which are highly
correlated with and attributed to precipitation rates spanning several orders
of magnitudes (Figure 4.8). It follows that bulk-scale calcification rate is an
unlikely explanation for the range in trace element partitioning observed in
O. universa shells.
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Figure 4.8: Calculated partition coefficients, KDTE, into foraminifer calcite as a
function of log10 Rate (mol/m2/sec), plotted alongside partition coefficients
from inorganic calcite precipitation experiments by Lorens (1981), Tang et
al. (2008) and Mavromatis et al. (2013). Note that in panel (a) the KDMgin
foraminiferal calcite is an order of magnitude lower than that of inorganic
calcite, and so the two partition coefficients are reported on different y-axes.
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4.4.2.2 Seawater [Ca]sw concentration
The partition coefficients for Mg and Mn (KDMg and KDMn) into shell calcite
both increase with the [Ca]sw (Figure 4.5 a and b). The partition coefficient
for Sr also increases at low DIC (1037 µmol/kg) but decreases at ambient and
elevated DIC (2016 and 4096 µmol/kg). The reason for this switch in behavior
is unclear. However it is notable that the KDSr values increase significantly
with DIC at low and ambient [Ca]sw (i.e. 5 and 10 mmol/kg; Figure 4.5 c)
but are similar at elevated [Ca]sw. This could complicate the potential use
of shell Sr/Ca compositions as a DIC proxy in ancient seawaters which had
much higher [Ca]sw than the modern ocean.
Mewes et al. (2015) found a correlation between the KDSr and Mg/Cacc of
benthic species Amphistegina lessonii in experiments where [Mg]sw is changed.
In experiments in which [Ca]sw and [Sr]sw were changed, Langer et al. (2016)
found different relationships between shell Mg/Cacc and KDSr in low and
high-Mg calcite producing foraminifers. KDSr is positively correlated with
Mg/Cacc in foraminifers with high Mg content – i.e. where the amount of Mg
in the shell is significant enough to distort the calcite lattice. However, there is
no significant relationship between Mg/Cacc and KDSr in the low Mg-calcite
producing foraminifer A. aomoriensis, and nor is there a correlation between
Mg/Cacc and KDSr in the low Mg-calcite producing foraminifer O. universa.
4.4.3 Why does Sr/Ca vary with DIC?
Foraminiferal Sr/Ca has been reported to depend upon their shell growth rate
(Lea et al., 1999; Elderfield et al., 2002; Dueñas-Bohórquez et al., 2009), and
consequently ocean carbonate chemistry. However, my data reveal a strong
dependence upon DIC, but not bulk precipitation rate. The strong positive
relationship between shell Sr/Ca and DIC (particularly at low and ambient
[Ca]sw), goes against our existing understanding. A possible explanation for
this could be changes in the degree of Rayleigh reservoir fractionation effects
during calcification at different DIC concentrations. I have modelled this
possibility, in a range of plausible calcification scenarios.
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In the absence of any significant carbon concentrating mechanism (CCM),
shell calcite precipitation from typical modern seawater, which has DIC of ~2
mmol/kg and [Ca]sw ~10 mmol/kg, will be limited to using a low fraction
of the available Ca pool (i.e. <20 %). Foraminifers could therefore precipitate
more of the available calcium pool from seawater at higher DIC, assuming
some or all of the available DIC is converted to CO32-. This conversion could
be accomplished by a proton pumping mechanism to increase the pH of the
calcification environment (e.g. Toyofuku et al., 2017). To explore this possi-
bility, I use the Rayleigh fractionation formulation of Elderfield et al. (1996),
which assumes trace elements are extracted by Rayleigh distillation from a
closed calcification fluid (i.e. seawater) with a constant fractionation factor (α,
an inorganic partition coefficient). The composition of the calcification fluid
will vary relative to seawater composition according to the Rayleigh distilla-
tion equation:
TE/Cacalci f ication f luid
TE/Casw
= f α−1 (4.9)
where TE is the trace element of interest, and f is the fraction of Ca remaining
in the calcification fluid. Mass balance between the composition of seawater
and the foraminifer shell constrains the composition of the calcification fluid
(Elderfield et al., 1996):
TE/Casw = f · TE/Cacalci f ication f luid + (1− f ) · TE/Cacc (4.10)
The apparent partition coefficient of a trace element between shell calcite and
seawater (KDTE) can be described as a function of the fraction of Ca remain-
ing in the calcification fluid and a constant inorganic partition coefficient by
combining equations 4.9 and 4.10 (as in Elderfield et al., 1996: Figure 4.9):
K TED =
1− f α
1− f (4.11)
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Figure 4.9: The observed partition coefficient of a trace element into the
foraminifer shell relative to seawater can be described as a function of the
proportion of Ca remaining in the foraminifer calcification space (f ) as it is
extracted from the fluid in the foraminifer calcification space into the shell
with a constant fractionation factor (α). This schematic highlights the range
of observed KDTE that can be produced for different α values.
If foraminifers are efficient in converting all DIC to CO32- for precipitating
calcium carbonate, the remaining fraction of Ca in the calcification fluid, f,
can described by:
f =
([Ca]sw − DIC)
[Ca]sw
(4.12)
which simplifies to:
f = 1− DIC
[Ca]sw
(4.13)
Substituting equation 4.13 into 4.11, I solve for α using the range of apparent
KDSr values observed in this study and calculated f values using a curve fit
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Figure 4.10: Calculated partition coefficients for (a) Sr and (b) Mn in shell cal-
cite precipitated by O. universa as a function of f, the amount of Ca remaining
in the calcification fluid. The grey line is a fit solved for α (see text).
package from scipy.optimize using Python programming language (Python
Software Foundation, https://www/python.org/; Figure 4.10). I have solved
for α for Mn in the same way, noting that I expect to observe behaviour op-
posite to that of Sr, due the KDMn being greater than 1 (e.g. Figure 4.9). From
these experiments fitted α values for Sr and Mn are 0.145 ± 0.003 and 43 ±
32, respectively, which are notable for being consistent with established KDSr
and KDMn values for inorganic calcite (e.g. Figure 4.8 b and c). However,
Rayleigh fractionation predicts an exponential relationship between KDSr and
f, whereas the measured values appear to asymptote towards f = 0, suggesting
that the Rayleigh model does not capture the underlying mechanism behind
this pattern (Figure 4.10 a). The KDMn values lie well above the predicted
values at values as f approaches zero (Figure 4.10 b), although the functional
form of this relationship is less clear.
This parameterisation assumes that no CCM is operating in foraminifera. In-
cluding a CCM in the model is complex, as the relationship between internal
and external DIC concentration created by the CCM is unknown. Therefore,
I test whether the Rayleigh model fits could be improved by various distinct
functional forms of possible CCMs. Each of these hypothetical CCMs modify
the amount of DIC available and thereby modify f estimates as a function of
external DIC and the nature of the CCM. Given the implementation of a CCM
could exceed a DIC:Ca ratio of 1, I redefine f so that it is always non-negative
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as follows:
when DIC : Ca < 1, f = 1− DIC
[Ca]sw
(4.14)
when DIC : Ca > 1, f = 1− [Ca]sw
DIC
(4.15)
I test four different CCM functional forms (see Figure 4.11) whereby:
1. The CCM produces a constant offset above and is not influenced by
external DIC i.e.,
DIC = DICsw + CCM (4.16)
2. The CCM is a proportional to external DIC, i.e.
DIC = DICsw · CCM (4.17)
3. The CCM is an exponent of external DIC, i.e.
DIC = DICCCMsw (4.18)
4. The CCM has the form of a Michaelis-Menten uptake curve, where at
some high external DIC concentration the CCM becomes saturated. In
this case DIC is formulated as a function of the maximum carbon con-
centration rates, Vmax, and a half saturation constant, KM, which are set
to be unknowns, i.e.
DIC =
Vmax · DICsw
KM + DICsw
(4.19)
All of the above CCMs act to increase f, and move partition coefficients hori-
zontally in f space in Figure 4.10. In the case of the highest KDSr values, this
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Figure 4.11: Four different functional forms of CCMs (equations 4.16 - 4.19)
employed to try to improve the fit of the Rayleigh fractionation model. Each
CCM is depicted as the amount of DIC concentrated relative to external sea-
water DIC ([DIC]sw).
would move them to smaller f values and further away from the Rayleigh frac-
tionation curve, with similar outcomes occurring in the case of KDMn. None
of these functional forms for a CCM improve the fit of the data, and hence
Rayleigh fractionation processes and are unable to account for the observed
range in trace element partition coefficients and trace element behaviour.
Given the availability of seawater DIC fundamentally limits the amount of
calcium carbonate able to be precipitated from the calcification medium, it
makes sense for foraminifers to employ a CCM, however a CCM alone is in-
sufficient to reconcile the differences between the Rayleigh model and our
data.
A possible alternative explanation could be that observed linear shell cal-
cification rates are not the same as calcium carbonate precipitation rates in
foraminifera. For example, this could be the case if calcium carbonate is
precipitated in multiple episodic events, rather than a continuously grow-
ing shell surface. In this case, precipitation rate could be related to seawater
chemistry, while linear extension rate could be controlled by biological pro-
cesses. If so, observed KDSr and KDMn partitioning might be explained by
kinetic fractionation processes during shell growth. DePaolo (2011) showed
how surface kinetics can control trace element fractionation during calcite
precipitation subject to the rate of calcite precipitation-dissolution and rates
of ion transport adjacent to the crystal-solution interface. At equilibrium, the
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rates of calcite precipitation and dissolution are equal, and trace elements are
incorporated according to an equilibrium partition coefficient (Keq). When
crystal growth is rapid, the rate of calcite precipitation is much greater than
dissolution and trace elements are incorporated with a fractionation factor
equivalent to the forward kinetic fractionation coefficient (Kf). The rates of
calcite precipitation and dissolution accordingly dictate the apparent parti-
tion coefficients for different elements (DePaolo, 2011). If at higher seawater
DIC concentrations, the rate of calcium carbonate precipitation is faster than
the dissolution rate, and the kinetic fractionation factor may dominate over
the equilibrium fractionation factor such that the apparent partitioning of Sr,
KDSr, approaches KfSr and may also explain why KDMn is more uniform and
close to KfMn at the same precipitation rates (Figure 4.8 b and c). This possi-
bility requires further investigation, particularly in the context of existing and
emerging biomineralization models for foraminifera.
4.5 Conclusions
The Mg/Ca and Sr/Ca of O. universa shells are positively correlated with sea-
water DIC, particularly at lower seawater pH values. The sensitivities of these
relationships exceed the previously reported responses of Mg/Ca and Sr/Ca
to seawater pH and [CO32-] at typical ocean DIC values. The Sr/Ca-DIC re-
lationship has the potential to be useful as a proxy for seawater DIC, and
to provide an essential second constraint on the seawater carbonate system
in addition to the δ11B seawater pH proxy. Characterising the foraminiferal
Mg/Ca relationship to DIC may improve corrections applied to foraminiferal
Mg/Ca temperature estimates.
Shell U/Ca are negatively correlated with [CO32-] as either pH and DIC in-
crease, consistent with theoretical substitution of uranyl tri-carbonate ions for
Ca and multiple CO32- groups into calcite. Shell Mn/Ca data show no signif-
icant relationships with carbonate system chemistry, contrary to the results
reported by Allen et al. (2016).
Measured apparent partition coefficients for Sr, Mg, Mn and U vary signif-
icantly but show no relationship with shell calcification (thickening) rates,
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which are limited to a very narrow range (log10 Rate = -6.40 to -5.96 mol/m2/s).
This limited range in calcification rates occurs despite very large range in
seawater carbonate systems and calcite saturation conditions, and adds to a
growing body of evidence that indicates shell growth is strongly regulated.
Moreover, by comparison with inorganic precipitation experiments this re-
stricted range of shell thickening rates is unable to account for the large range
of partition coefficients observed for O. universa. Furthermore, Rayleigh dis-
tillation effects are unable to account for the range of apparent partition coef-
ficients calculated for Sr and Mn, and cannot be resolving by invoking carbon
concentrating mechanisms. However, if shell thickening rates and calcium
carbonate precipitation rates are decoupled partitioning of Sr and Mn into
foraminifer calcium carbonate might be explained by changes in precipita-
tion rates over a range of seawater DIC concentrations.
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Chapter 5
Calcification rate and shell
chemistry response of the planktic
foraminifer Orbulina universa to
changes in microenvironment
chemistry
Abstract
We use LA-ICP-MS depth profiling to explore the sensitivity of shell chem-
istry of the symbiotic planktic foraminifer Orbulina universa to diurnal changes
in the holobiont physiology, over a wide range of seawater pH and DIC com-
positions. B/Ca and U/Ca vary in concert with diurnal Mg/Ca banding,
forming compositional bands that are qualitatively consistent with physiolo-
gical modification of seawater carbonate chemistry (pH, [B(OH)4-/HCO3-]
and [CO32-]) within the foraminiferal microenvironment by the net effects of
photosynthesis, respiration and calcification. The amplitude of B/Ca banding
broadly conforms to banding predicted using the bulk-shell B/Ca sensitivity
to the carbonate chemistry changes in the foraminiferal microenvironment.
U/Ca banding tends to be greater than predicted using the published bulk-
shell sensitivity of this proxy to carbonate chemistry. This either suggests
that carbonate chemistry changes in the foraminiferal microenvironment are
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greater than predicted by modelling and/or the published bulk shell calib-
ration does not accurately reflect the U/Ca sensitivity at the micro-scale. A
fourfold increase in seawater DIC composition (1026 to 4019 µmol/kg) is as-
sociated with significant increases in Sr/Ca and Mg/Ca partitioning, and a
decrease in Mn/Ca partitioning into shell calcite. The accompanying fourfold
increase in calcite saturation produces only a twofold increase in calcification
rate (0.14 to 0.28, 0.02 µm/hr), suggesting that seawater carbonate chemistry
exerts only a small effect on foraminiferal calcification rates, but does have
a significant influence on trace element incorporation at both the inter-shell
and bulk-shell scale.
5.1 Introduction
The trace element and stable isotope compositions of calcium carbonate pre-
cipitated by planktic foraminifera differ significantly from inorganic calcite
compositions precipitated from seawater. This includes many of the major
proxies used for seawater temperature and carbonate system reconstruction
(Mg/Ca, B/Ca, δ11B, δ18O; see McCrea, 1950; Morse and Bender, 1990; Sanyal
et al., 1996, 2000; Bijma et al., 1999; Lea et al., 1999; Allen et al., 2011, 2012;
Uchikawa et al., 2015). The reasons for the differences between biologically
precipitated and inorganic minerals remain poorly understood and are often
simply attributed to unspecified biological “vital effects” (Urey et al., 1951;
Weiner and Dove, 2003). The uncertain influence of vital effects on trace ele-
ment incorporation into foraminifer shells remains a significant impediment
to our ability to reconstruct past seawater conditions from geochemical prox-
ies.
In planktic foraminifera, vital effects include physiological processes (e.g.,
photosynthesis, respiration and calcification) that modify seawater chemistry
in the external boundary layer (microenvironment), and internal processes
that regulate the precipitation rate, composition, polymorph type, topology
and orientation of calcium carbonate (de Nooijer et al., 2014). Several studies
have documented large diurnal carbonate chemistry variations within the mi-
croenvironment of symbiotic foraminifera (Jørgensen et al., 1985; Rink et al.,
§5.1 Introduction 113
1998; Kо¨hler-Rink and Kühl, 2005), which can be explained by changes in the
balance between respiration and photosynthesis of the host foraminifer and
algal symbionts (Wolf-Gladrow et al., 1999; Zeebe et al., 1999, 2003). Daytime
photosynthetic activity of algal symbionts consumes CO2 and raises pH in the
microenvironment, whereas nighttime respiration of the host foraminifer and
symbionts releases CO2 and lowers pH in the microenvironment. This drives
a large diurnal change of almost one pH unit adjacent to the shell surface of
Orbulina universa (Rink et al., 1998; Kо¨hler-Rink and Kühl, 2005). Seawater
in the microenvironment provides the source of ions for biomineralisation
(de Nooijer et al., 2014), although the chemistry of the internal calcification
environment is modified by physiochemical processes used to promote or
regulate calcification (Zeebe and Sanyal 2002; Bentov et al., 2009; de Nooijer
et al., 2009, Glas et al., 2012). The extent of the connection between the ex-
ternal microenvironment and internal calcification environment is unknown,
although they are certainly linked, given the architecture of the calcification
environment (Figure 5.1).
The large diurnal changes in pH, DIC and other carbonate system paramet-
ers in the foraminiferal microenvironment (Kо¨hler-Rink and Kühl, 2005; Rink
et al., 1998; Wolf-Gladrow et al., 1999) have the potential to influence and
modify the incorporation of pH- and carbonate-system sensitive trace ele-
ments such as B/Ca and U/Ca. The proportions of dissolved boron species,
boric acid (B(OH)3) and borate (B(OH)4 -), in seawater are governed by acid-
base equilibria, whereby most boron exists in the form of B(OH)3 at low pH,
and B(OH)4- at high pH (Hershey et al., 1986). If only the charged B(OH)4-
ion is thought to be included into shell calcite, as proposed by Hemming and
Hanson (1992), the B/Ca of foraminifer shells can be used to infer inform-
ation about past ocean carbonate system chemistry. However, recent calcite
precipitation experimental studies have shown the exclusive incorporation of
B(OH)4- might not be the case (e.g., Uchikawa et al., 2015). Despite this,
the B/Ca composition of foraminifer shells can be empirically related to the
product of seawater the [B(OH)4-]/[HCO3-] ratio and the effective exchange
coefficient (Yu et al., 2007):
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Figure 5.1: Schematic cross section through O. universa that distinguishes the
ambient seawater from the chemical microenvironment and the internal cal-
cification environment. The chemical microenvironment is modified from the
external seawater on a diurnal timescale by symbiont photosynthetic activity,
respiration and calcification. Seawater might be endocytosed and transpor-
ted from the chemical microenvironment to the calcification environment, or
there might be more open communication between the calcification environ-
ment and the chemical microenvironment. Adapted from Erez (2003) and de
Nooijer et al. (2014).
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B/Ca = K∗ BD ·
([
B(OH)−4
]
/
[
HCO−3
])
(5.1)
where the square brackets indicate seawater concentrations, and K*DB is the
apparent (stoichiometric) exchange coefficient. Experimental culture studies
confirm that the B/Ca composition of planktic foraminifer shells increases
with seawater pH (Allen et al., 2011, 2012; Henehan et al., 2013), as high
pH drives higher [B(OH)4 -] and lower [HCO3-] in solution, increasing the
[B(OH)4-/HCO3-] ratio. Thus, while the precise mechanisms behind B up-
take into foraminifera are uncertain, we may relate B/Ca in our cultured
specimens to changes in microenvironment [B(OH)4-/HCO3-] and pH.
The U/Ca composition of shell calcite is also sensitive to seawater carbonate
chemistry, and shows a non-linear decrease with increasing [CO32-] in pH
experiments (Russell et al., 2004). The incorporation of uranium into coral
aragonite is suggested to occur as a uranyl carbonate complex, most likely the
triscarbonato ion, (UO2(CO3)34-), which is the dominant uranyl species over
the range of modern seawater pH (see Djogic´ et al., 1986). The [UO2(CO3)34-]
ion likely requires a coordination change to fit into the calcite lattice (Reeder
et al., 2000):
CaCO3 (s) +UO2 (CO3)
4−
3 (aq) ⇐⇒ UO2CO3 (s) + Ca2+(aq) + 3CO2−3 (aq) (5.2)
This reaction has been used to describe the U/Ca composition of calcite as a
function of the triscarbonate species and effective exchange coefficient (Rus-
sell et al., 2004):
U/Ca = K∗UD ·
([
UO2 (CO3)
4−
3
]
/
[
Ca2+
]
·
[
CO2−3
]3)
(5.3)
As the carbonate ion concentration and seawater pH increase, the cubic nature
of the carbonate ion term in the partition coefficient denominator drives an
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exponential decrease in the sensitivity of U/Ca with carbonate ion activity in
seawater.
To explore the response of shell trace element chemistry to seawater DIC and
pH, and the importance of physiologically controlled microenvironment ef-
fects, we conducted a small number of culture experiments on the symbiotic
planktic foraminifer Orbulina universa. Orbulina universa is an ideal species for
this purpose, as it calcifies continuously to produce a simple spherical shell
comprising sequential diurnal growth bands (Eggins et al., 2004; Spero et al,
2015). Here, we use a laser ablation-inductively coupled plasma-mass spec-
trometry (LA-ICP-MS) depth profiling technique (Eggins et al., 2004) to meas-
ure banded variations in Mg/Ca, B/Ca and U/Ca through the shell. We inter-
pret changes in the magnitude and phase of banding in these elements in con-
text of a physiological diffusion-reaction model of the foraminifer-symbiont
system, and estimate growth rates from the well-established regular pacing
of Mg/Ca banding. The magnitude of B/Ca and U/Ca banding is compared
with the modelled diurnal variations in pH, [B(OH)4-/HCO3-] and [CO32-]
at the shell surface, combined with published sensitivities of the B/Ca and
U/Ca proxies (Allen et al., 2011; Russell et al., 2004) to determine whether
microenvironment changes are sufficient to drive B/C and U/Ca banding in
O. universa (Figure 5.2).
5.2 Methods
5.2.1 Foraminifer collection and culturing
Orbulina universa were cultured using established methods (e.g., Russell et al.,
2004) during August 2013 at the Wrigley Institute for Environmental Stud-
ies (WIES), on Santa Catalina Island, California. Small juvenile foraminifers
were either hand collected by SCUBA divers, or by plankton tow in the San
Pedro Basin surface waters approximately 2 km NNE of WIES. Individual
foraminifers were identified to species level and their largest diameter was
measured under an inverted microscope before being transferred into 120
mL soda-lime glass jars (Wheaton). The jars were filled with experimental
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Figure 5.2: (a) Predicted seawater carbonate chemistry changes immediately
adjacent to the shell wall of O. universa over multiple diurnal cycles. The mod-
elled diurnal variations are calculated using the diffusion-reaction model of
Zeebe et al. (2003) and fit to a sinusoidal curve that matches the full range of
chemistry calculated for light and dark conditions assuming ambient seawa-
ter conditions, pHTOTAL ≈ 8.00 DIC ≈ 2000 µmol/kg, and a foraminifer shell
radius of 250 µm. Rates of photosynthesis, respiration and calcification were
fixed at 10, 2 and 3 nmol C/h in the light, and 0, 2 and 1 nmol C/h in the
dark, following Zeebe et al. (2003). (b) The diurnal changes in microenvir-
onment carbonate chemistry are converted to changes in the B/Ca (blue line)
and U/Ca (red line) composition of shell calcite precipitated by O. universa
using published bulk shell proxy calibrations for B/Ca (Allen et al., 2011) and
U/Ca compositions (Russell et al., 2004).
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seawater and sealed with a snap cap lid lined with Parafilm™ ’M’ laborat-
ory film to limit gas exchange with the laboratory atmosphere. Foraminifers
collected by plankton tow were transferred into experimental seawater only
after they had regrown their spines, and in two cases, this transfer followed
initial formation of their final spherical chamber.
Culture jars containing foraminifers were placed in circulating water baths
held at constant temperature, 21.92 ± 0.13 °C, monitored with HOBO Tid-
biT® loggers. A 12-12 hr light-dark cycle was imposed for the duration
of the culture experiments using Osram Lumilux T5 skywhite high output
bulbs to deliver a PAR irradiance level greater than or equal to 285 ± 23 µmol
photons/m2/s), to ensure light saturation of symbiont photosynthesis (Rink
et al., 1998). Light intensity was monitored every 7 - 10 days with a Biospher-
ical Instruments QSP-2000 light meter. Foraminifers were fed a 1-day old
brine shrimp (Artemia sp. nauplius, San Francisco Bay strain) every second
day. Foraminifers typically underwent gametogenesis several days after form-
ing their adult-stage spherical shell. Following gametogenesis, empty shells
were rinsed in deionized water, air-dried and archived before being cleaned
and analyzed at the ANU.
Seawater obtained from the foraminifer collection site was filtered (0.8 µm)
prior to use in experiments, and its pH and DIC adjusted to produce high
and low DIC and high and low pH compositions (Table 5.1). Artificial seawa-
ter with the observed salt composition of seawater from Millero (1974) was
made containing no DIC, and mixed with ambient seawater to produce ex-
perimental seawater with low DIC concentration (1026 µmol/kg). Sodium
bicarbonate was added to ambient seawater to produce experimental sea-
water with double the ambient DIC concentration (4019 µmol/kg). Seawa-
ter pH was titrated with 0.1M NaOH or 0.1M HCl to produce target pH
values of 7.53, 7.96/7.97 and 8.44 (total scale). Uranium and boron were
enriched in experimental seawaters to facilitate subsequent microanalysis of
B/Ca and U/Ca in foraminifer shells. Enrichment was achieved by addition
of a uranium chloride and boric acid stock solutions, to levels of 50x ambient
seawater U and 5x ambient seawater B concentration, except for the low DIC
seawater which was enriched to just below half this level.
The total alkalinity of experimental seawater was measured by Gran-titration
§5.2 Methods 119
Ta
bl
e
5.
1:
Ex
pe
ri
m
en
ta
lc
on
di
ti
on
s
fo
r
fo
ra
m
in
if
er
al
cu
lt
ur
in
g
ex
pe
ri
m
en
ts
at
21
.9
2
±
0.
13
o C
an
d
33
.3
±
0.
2
ps
u.
N
o.
pH
±
D
IC
±
A
lk
al
in
it
y
±
[H
C
O
3-
]
±
[C
O
32
- ]
±
[B
(O
H
) 4
- ]
±
Ω
±
fo
ra
m
s
TO
TA
L
2σ
v
(µ
m
ol
/k
g)
2σ
v
(µ
m
ol
/k
g)
2σ
v
(µ
m
ol
/k
g)
2σ
v
(µ
m
ol
/k
g)
2σ
v
(µ
m
ol
/k
g)
2σ
v
2σ
v
lo
w
pH
2
7.
53
0.
01
20
47
34
22
14
36
19
43
33
61
2
14
8
5
1.
5
0.
1
lo
w
D
IC
3
7.
96
0.
01
10
26
5
12
30
2
94
0
6
78
1
12
9
4
1.
9
0.
1
hi
gh
D
IC
3
7.
97
0.
02
40
19
29
46
71
10
36
73
37
31
5
11
36
2
16
7.
8
0.
3
hi
gh
pH
3
8.
44
0.
02
21
35
39
33
80
5
16
96
44
43
4
10
80
2
33
10
.7
0.
3
pH
TO
TA
L
,D
IC
,[
H
C
O
3-
],
[C
O
32
- ]
,[
B(
O
H
) 4
- ]
an
d
Ω
ar
e
ca
lc
ul
at
ed
at
22
°C
fr
om
to
ta
lA
lk
al
in
it
y,
pH
N
BS
an
d
[B
] s
w
m
ea
su
re
m
en
ts
,m
ad
e
at
25
°C
,
us
in
g
a
m
od
ifi
ed
ve
rs
io
n
of
th
e
va
n
H
eu
ve
n
et
al
.(
20
11
)
M
at
la
b
sc
ri
pt
,C
O
2S
Y
S.
m
.U
nc
er
ta
in
ti
es
as
so
ci
at
ed
w
it
h
th
e
ca
lc
ul
at
ed
ca
rb
on
at
e
sy
st
em
pa
ra
m
et
er
s
ar
e
at
ta
in
ed
w
it
h
M
on
te
C
ar
lo
si
m
ul
at
io
ns
of
C
O
2S
Y
S
us
in
g
th
e
m
ea
su
re
m
en
t
er
ro
rs
of
th
e
in
pu
t
to
ta
lA
lk
al
in
it
y
(≤
36
μ
m
ol
/k
g)
,p
H
N
BS
(≤
0.
02
)
an
d
[B
] s
w
(1
.2
5
%
).
120 Response of Orbulina universa to changes in microenvironment chemistry
using a Metrohm 809 open cell autotitrator that was standardized using Dick-
son certified reference seawater. Seawater pH was measured with a Met-
rohm pH electrode that had been calibrated to the NBS scale using low ionic
strength pH buffers (pH 4.00, 7.00 and 10.00; Fisherbrand). The pH and al-
kalinity of experimental seawaters were measured at the beginning and end
of all experiments to monitor the consistency of carbonate system chemistry
during experiments. Calculation of the carbonate system equilibria, and con-
version from pHNBS to the pHTOTAL scale, were performed using a modified
version of the van Heuven et al. (2011) Matlab script (CO2SYS.m) that accom-
modates changes to seawater [B]sw independent of salinity. Uranium speci-
ation was calculated from [U]sw using aqueous thermodynamic data from
Djogic´ et al. (1986). Small samples of experimental seawater were filtered us-
ing 0.22 µm Millipore syringe filters, transferred to acid cleaned 15 mL plastic
vials and acidified to pH ~4 with optima grade HNO3 for later trace element
analysis at the ANU.
5.2.2 Sample preparation and analysis
Seawater trace metal concentrations were measured using a Varian Vista Pro
Axial ICP-AES and a Varian 820 Quadrupole ICP-MS at the Research School
of Earth Sciences, the Australian National University (RSES, ANU; Table 5.2).
Seawater samples were diluted 10x with 2 % HNO3 for analysis by ICP-AES
using a three-point external calibration curve, run at the beginning and end of
each analytical session, and a standard-sample-standard bracketing protocol
to correct for instrument drift. Seawater B/Ca, Mg/Ca, and Sr/Ca molar
ratios were measured with a reproducibility of 1.25 %, 0.13 %, and 0.16 %
(1σv) based on repeated analysis of the CASS-4 seawater reference material
(NRC, Canada). We also measured seawater by ICP-MS to measure Mn/Ca
and U/Ca, which were below or near the detection limits of ICP-AES, and
to validate B/Ca, Mg/Ca and Sr/Ca measurements. For ICP-MS analysis
seawater samples were diluted 100x with 2 % HNO3. Instrument drift was
monitored and corrected using a combination of internal standards (9Be, 45Sc,
89Y, 115In, and 235U) and measurement of a synthetic seawater standard every
five samples. Seawater B/Ca, Mg/Ca, Mn/Ca, Sr/Ca, and U/Ca molar ratios
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were measured with a precision of 0.9 %, 1.3 %, 1.5 %, 1.0 %, and 2.1 % (1σv)
respectively, based on repeat analyses of CASS-4 seawater. Accuracy relative
to average seawater ratios for B/Ca, Mg/Ca, Sr/Ca and U/Ca is 1.0 %, 1.5 %,
3.7 % and 14 % and Mn/Ca relative to CASS-4 is 1.9 %.
Orbulina universa shells were oxidatively cleaned to remove organic material
prior to LA-ICP-MS analysis by cracking shells open with a scalpel blade,
followed by immersion in a 50:50 solution of 30 % hydrogen peroxide and
0.1M NaOH in a water bath at 55 ± 5 °C for ~10 minutes (Pak et al., 2004).
The buffered solution was then removed and the shell repeatedly rinsed with
ultra-pure milli-Q water before being mounted on carbon tape for analysis
(Eggins et al., 2003, 2004). Trace element/Ca (TE/Ca) ratios were measured
using a Varian 820 Quadrupole ICP-MS coupled to an ArF excimer laser (λ =
193 nm, pulse width = 25 ns FWHM) via an ANU Helex laser ablation system
at the RSES, ANU following Eggins et al. (2003, 2004; Supplementary mater-
ial, Table 5.3). Laser ablation sampling was conducted using 70 µm diameter
circular spots at a laser pulse rate of 3 Hz at a fluence of ~2 J/cm2. A mixed
He-Ar gas stream was used to transfer ablation products to the ICP-MS. A
rapid peak hopping protocol, employing 10 to 30 ms dwell times per isotope
depending on abundance, was applied to measure selected analyte isotopes
(10B, 11B, 24Mg, 25Mg, 27Al, 43Ca, 44Ca, 55Mn, 87Sr, 88Sr, and 238U) repeatedly
every ~0.35 seconds for a duration of 30 - 90 seconds, depending on shell
thickness. Three profiles were measured from inside to outside through each
foraminifer shell.
The ICP-MS instrument response was calibrated using NIST SRM 610 glass
and corrected for variation in ablation yield and instrument drift by normal-
izing to the measured internal standard isotope (43Ca and 44Ca) intensities
during each mass spectrometer cycle. An in-house carbonate standard was
measured periodically to monitor the consistency of carbonate ablation re-
lative to the SRM NIST 610. LA-ICP-MS data reduction followed well es-
tablished procedures for time-resolved analysis (Longerich et al., 1996), in-
cluding the initial screening of mass-time spectra for outliers and subtracting
mean background intensities (measured with laser off). The mean TE/Ca
composition obtained from each compositional profile was averaged to pro-
duce a bulk shell composition for each specimen. Multiple profiles obtained
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from each foraminifer shell were combined to produce an average profile by
identifying and aligning common peaks using the Linage function in AnalyS-
eries v2.0, following Allen et al. (2011). To isolate only the banding patterns
in our data, a Butterworth bandpass Fourier filter (Butterworth, 1930) was
applied to the LA-ICP-MS profiles to remove low frequency (period > 5 µm)
trends and high frequency (period < 0.5 µm) noise using the scipy.signal py-
thon package (Jones et al., 2001). The long period patterns are the gradually
increasing trends of Mg/Ca, B/Ca and U/Ca that occur through the test from
the inside of the POS to the outside of the shell, and short period patterns are
instrumental noise.
The time taken to measure each shell compositional profile was converted to
shell wall thickness and depth relative to the internal shell surface, assuming
each laser pulse removed a 0.1 µm thick layer of calcite (Eggins et al., 2003).
Linear growth rates were determined by dividing the shell wall thickness
(profile length) by the observed number of diurnal growth band pairs, given
that each pair reflects 24 hrs of continuous growth. Linear growth rate is
converted to rate with units of mass per unit surface area per unit time, by
calculating the volume of calcite sampled and converting to mass using the
density of calcite, and calculating the area of calcite sampled, all which can
be determined from the laser ablation spot size and the shell thickness.
5.3 Results
5.3.1 Intra-shell trace element compositional variation
The diurnal phasing of the variation shown by different trace elements is
determined by comparison to the diurnal pattern of Mg/Ca banding (Fig-
ure 5.3), which is characterized by high Mg bands formed at night and low
Mg bands during the day (Spero et al., 2015). Measured trace element/Ca
compositional profiles through the final spherical chamber wall of O. uni-
versa shells all show significant compositional growth banding (Figures 5.3 -
5.5). In most cases, the diurnal Mg/Ca banding is accompanied by a trend
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of increasing Mg/Ca away from the primary organic sheet (POS) towards the
outside of the shell (see Figure 5.3).
The POS is located in a band of relatively low Mg/Ca near the inner shell
surface and in some cases associated with an anomalous high U/Ca band
(Eggins et al., 2004; Sadekov et al., 2005). The number of low and high Mg/Ca
band pairs developed between the POS and external surface is consistent
with the number of days each foraminifer lived in experimental culture after
formation of its final spherical chamber, as recorded in daily culture logs.
Profiles of Mg/Ca, B/Ca and U/Ca with the associated noise and background
trends removed with a Butterworth bandpass filter are plotted in Figure 5.4.
B/Ca banding is generally out of phase with Mg/Ca, and where present
U/Ca banding is broadly in phase with Mg/Ca in most shells (Figure 5.4).
Given the diurnal nature of Mg/Ca (Spero et al., 2015), this suggests that
high B/Ca bands precipitate during the day and low B/Ca bands precipitate
during the night, and the converse applies to U/Ca. While the number of
specimens considered here is small, we observe that B/Ca and U/Ca banding
are most clearly developed in the low pH and low DIC experiments (Figure
5.4 a-d). U/Ca banding in the high DIC experiments is less well developed
and possibly absent (Figure 5.4 e and f).
Mn/Ca banding is notable for occurring in shells grown in low DIC seawater,
but is not obvious in other experiments (Figure 5.5). Sr/Ca shows no evidence
of diurnal banding, although significant variations do occur in many shells.
In particular, Sr/Ca compositions tend to be lower between the POS and inner
shell surface (Figure 5.5). Other notable features are the presence of relatively
high Mn/Ca and Mg/Ca compositions at the inner shell surface (Figure 5.5).
5.3.2 TE/Ca variations with carbonate system variables
The mean bulk shell compositions of each experimental group (Figure 5.6)
are calculated using the average profile compositions of each shell, excluding
the contribution of calcite precipitated prior to the experiment. Our bulk shell
composition estimates have significant uncertainties, due to the small number
of shells analyzed in each experiment and the variable compositions between
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individual shells. Accordingly, we caution against using the results repor-
ted here for the purpose of proxy calibration and reconstruction of seawater
carbonate system parameters.
Bulk shell Mg/Ca and Sr/Ca compositions correlate with DIC, with the in-
crease in Sr/Ca from 1.19 ± 0.07 to 1.71 ± 0.02 mmol/mol being highly signi-
ficant (Pearson R correlations: Sr/Ca – DIC, R = 0.98, p = 0.02, n = 4; Mg/Ca
– DIC, R = 0.99, p < 0.01, n = 4). The B/Ca of shells measured in this study
is high compared to natural specimens because of the elevated [B]sw in our
experimental seawaters. To compare data between our experiments, the B/Ca
of the low DIC specimens must be corrected for the two-fold lower [B]sw than
other treatments. This correction isf made using the B/Ca-[B(OH)4-] relation
of Allen et al. (2011) for O. universa (B/Ca = 1.4* [B(OH)4-] – 39.5). After
correction, bulk B/Ca has a positive trend with seawater [CO32-] (R = 0.74)
and a positive trend with seawater pH (R = 0.90), although the correlations
are not significant at the 95% confidence level (p = 0.26 and 0.09, respectively).
Measured shell U/Ca values in the low DIC experiment are corrected to a
3.1x lower U/Ca value, to account for the 3.1x higher seawater [U]sw in this
experiment, assuming a linear scaling between shell U/Ca and seawater [U]sw
(Russell et al., 1994). The resulting set of corrected shell U/Ca compositions
form a negative non-linear trend with [CO32-] (R = 0.86, p = 0.14, n = 4),
although the correlation is not significant.
Shell Mn/Ca values are low (<1 µmol/mol), except in the low DIC experi-
ment, which had 4.7x higher [Mn]sw than the other experiments (Figure 5.5
a and b). The measured shell Mn/Ca in this experiment was linearly correc-
ted to a 4.7x lower Mn/Ca value assuming partitioning scales with [Mn]sw
concentration (Eggins, unpublished data). Strong negative relationships are
observed between Mn/Ca and both DIC (Mn/Ca – DIC, R = -0.96, p = 0.04, n
= 4).
5.3.3 Partition coefficient changes with calcification rate
Mean linear growth rates are determined by dividing the shell wall thickness
(profile length) by the observed number of diurnal growth band pairs (each
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Figure 5.6: Bulk shell Mg/Ca, Sr/Ca, B/Ca, Mn/Ca and U/Ca compositions
of O. universa vs. seawater carbonate system parameters (circles). Error bars
(1σv) reflect variability of individual shell compositions (crosses) grown within
each experiment. Arrows indicate correction of shell B/Ca, Mn/Ca and U/Ca
compositions to account for the 2.6x lower [B]sw, 4.7x higher [Mn]sw, and 3.1x
lower [U]sw of the low DIC experiment (see text for details). Thick black lines
show significant linear regression fits obtained between bulk shell trace ele-
ment to calcium ratios and the various seawater carbonate system parameters.
Grey lines show scaled relationships for bulk shell compositions reported by
Allen et al. (2011) for B/Ca, and by Russell et al. (2004) for U/Ca, and the
relationship between Mg/Ca with [CO32-] and pH from Russell et al. (2004).
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of which reflects 24 hrs of growth). These rate estimates increase in exper-
imental order from low DIC < low pH < high pH < high DIC (Table 5.3),
but are notable for falling in a narrow range between 0.14 ± 0.02 and 0.28 ±
0.02 µm/hr, despite the large range of saturation state (Ω) across these exper-
iments. Our linear calcification rates measured for O. universa correspond to
values of R (log10 Rate mol/m2/s) = -6.5 and -6.1. Although the calcification
rate uncertainties are large due to the small number of individuals grown in
each experiment, a general increase in calcification rate with increasing calcite
saturation state is apparent.
Apparent partition coefficients (KD’s) are calculated for Mg/Ca, Sr/Ca and
Mn/Ca by dividing the respective shell TE/Ca by seawater TE/Ca ratios.
Because B and U do not substitute for Ca2+, shell B/Ca and U/Ca are divided
by ([B(OH)4-]/[HCO3-]) and [UO2(CO3)34-]/([Ca2+]·[CO32-]3); equations 5.1
and 5.3), from carbon and boron species concentrations calculated in CO2SYS,
and for uranium species concentrations calculated from Djogic´ et al. (1986)
for each experimental condition. There are significant increases in KDMg and
KDSr with calcification rate (Figure 5.7; R = 0.95, 0.95, and p = 0.05, 0.05,
respectively, n = 4), and a significant decrease in KDMn, with calcification
rate (Figure 5.7; R = -0.99, and p <0.01, n = 4). No consistent relationship is
observed for either KDB or KDU with growth rate.
5.4 Discussion
5.4.1 Intra-shell composition response to carbonate system vari-
ations in the foraminiferal microenvironment
The B/Ca and U/Ca compositional banding we document in O. universa
shells is qualitatively consistent with the expected variation of these geo-
chemical proxies due to diurnal changes in the effects of net photosynthesis-
respiration on pH, [B(OH)4-/HCO3-] and [CO32-] within the microenviron-
ment of O. universa (Figure 5.2). The spatial coherence of high B/Ca bands
with low Mg/Ca bands that are formed during the day (Spero et al., 2015;
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Figure 5.7: Variation of the calculated bulk shell partition coefficients, KDB,
KDMg, KDMn, KDSr, and KDU from each experiment plotted with the mean cal-
cification rate (reported as log10 Rate in mol/m2/s). Error bars (± 1se) reflect
the large variability between individual shell compositions and individual
calcification rates in each experiment type.
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Figure 5.4), is consistent with the daytime photosynthetic drawdown of CO2
and resulting elevation of pH and [B(OH)4-/HCO3-] in the microenviron-
ment of O. universa. Similarly, the synchronicity of high U/Ca bands with
high Mg/Ca bands that are formed during the night, is consistent with an
increase in net respired CO2 at night and resulting decrease in microenviron-
mental pH and [CO32-]. The phasing of high U/Ca bands with high Mg/Ca
bands are clearest in the low DIC and low pH experiments (Figure 5.4 a-d).
This is consistent with the enhanced sensitivity of U/Ca at the lower concen-
trations of [CO32-] of these experiments, described by both theory (Equation
5.3) and the empirical bulk shell calibration of Russell et al. (2004). Con-
versely, the absence of strong U/Ca banding in specimens grown in high DIC
and high pH experiments is likely the result of the lower sensitivity of U/Ca
to [CO32-] at high concentrations of [CO32-] (Russell et al., 2004) driving any
U/Ca variations below our analytical precision.
In an effort to quantify the extent of the microenvironmental influence on
shell chemistry, we combine the proxy calibrations of Allen et al. (2011) and
Russell et al. (2004) with the diffusion-reaction model developed by Zeebe et
al. (2003) to predict compositional changes in shell B/Ca and U/Ca arising
from the carbonate chemistry variation over diurnal cycles. The diffusion-
reaction model was run for both light and dark conditions, using the results
for the different seawater chemistries of each experiment as a basis for com-
paring observed and predicted shell compositions and diurnal variation. The
model calculates concentration profiles of the carbonate system parameters in
the chemical microenvironment of the foraminifer using fixed rates of photo-
synthesis, respiration and calcification of respectively 10, 2 and 3 nmol C/h
in the light, and 0, 2 and 1 nmol C/h in the dark (Lea et al., 1995; Rink et al.,
1998; Zeebe et al., 2003). The carbonate chemistry calculated at the shell sur-
face in the dark (night) and the light (day) is then used to estimate the diurnal
changes in B/Ca and U/Ca compositions based on the published sensitivit-
ies to seawater carbonate chemistry in Allen et al. (2011) and Russell et al.
(2004), respectively. The de-trended profiles are plotted against the calculated
diurnal composition changes in Figure 5.8.
The amplitude of observed B/Ca banding between the POS and outer sur-
faces of shells generally matches the predicted compositional variation. How-
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ever, the measured U/Ca variation is generally much greater than the pre-
dicted amplitude of U/Ca banding (Figure 5.8 b, d, f, h). Possible explana-
tions for this could be a greater U/Ca - [CO32-] sensitivity than previously
reported by bulk calibrations (equal to or greater than 3 times) or differences
in the relative carbon fluxes used in the model of Zeebe et al. (2003) to de-
scribe foraminiferal physiology. Differences in the strength of photosynthesis
and calcification might explain some of the differences in banding within and
between individuals (e.g., Figure 5.8 i and j). However, varying calcification,
photosynthesis and respiration carbon fluxes in the model over a range that
exceeds the observed carbon flux values cannot explain the variation meas-
ured in both B/Ca and U/Ca bands (Figure 5.8 i and j). This suggests that
disparities from modelled bands could be the result of limitations associated
with bulk calibrations. This may be explained by the fact that, bulk shell
calibrations integrate day and night calcite, thereby varying the individual
contributions of light-dependent physiological processes on the internal car-
bonate system of the foraminifer. Disparities from predictions could also arise
from internal biomineralisation processes that influence U/Ca and B/Ca dif-
ferently. For example, if foraminifers employ either carbon concentrating or
proton pumping mechanisms, the associated changes to either DIC and/or
pH will affect U and B incorporation differently, through their individual
sensitivities to DIC and pH.
The diffusion-reaction model results are influenced by how far the symbiont
swarm extends from the surface of the shell. As noted in our culture logs, in
culture experiments, the density and position of the symbiont halo can vary
greatly between individual foraminifers and throughout their ontogeny. This
could also vary systematically with different experimental conditions as the
symbionts might adjust their position subject to both light and carbon avail-
ability. Despite these caveats, the model demonstrates that the geochemical
banding observed within O. universa shells is broadly consistent with diurnal
changes in microenvironment carbonate chemistry produced by photosyn-
thesis, respiration and calcification.
This is the first study to evaluate B/Ca and U/Ca banding in symbiotic plank-
tic foraminifers, and extends the observations on O. universa reported by Al-
len et al. (2011). Comparable B data have been reported by Branson et al.
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(2015) who, using a high-resolution scanning transmission X-ray microscope,
observe B bands that peak just after Mg bands in the benthic foraminifer
Amphistegina lessonii. Although this appears to conflict with our result, it is
important to note that this species belongs to a different suborder than O.
universa, and that Mg/Ca banding in A. lessonii has been linked to chamber
addition rather than having a diurnal origin (Erez, 2003; Bentov and Erez,
2005). The phasing of B/Ca and Mg/Ca banding in this species is therefore
likely to be driven by a distinct mechanism rather than the diurnal processes
active in O. universa.
In contrast to good agreement between modeled and observed B/Ca in fo-
raminifer shells outside the POS, predicted B/Ca does not match what was
observed between the POS and the inner shell surfaces (see Figure 5.8 a, c, e,
g). Anomalous high U/Ca values at the position of the POS are a prominent
feature in many shells, particularly in the low pH and high DIC experiments
(Figure 5.3 c-f). The origin of these elevated U/Ca bands is unclear, and might
reflect initial calcification of the spherical adult chamber of O. universa at sig-
nificantly lower [CO32-] than during subsequent shell calcification. Alternat-
ively, high uranium contents associated with the POS might be a product of
uranium adsorption or accumulation at this organic layer, in a similar man-
ner to the sequestration of uranium carbonate complexes onto cell surfaces
and associated components in marine cyanobacteria (Acharya et al., 2009).
This feature might also be at the limit of LA-ICP-MS depth resolution, and
therefore is not fully resolved in all shells.
Several assumptions underpin our ability to predict diurnal changes in shell
compositions using the diffusion-reaction model. Firstly, the empirical proxy
relationships we apply to our data have been calibrated using bulk shell com-
positions and over a range of seawater compositions that are much narrower
than our DIC experiments. Secondly, the rates of photosynthesis and respir-
ation are constant in the model, although they have been observed to change
daily with changes in symbiont productivity (Spero and Parker, 1985) and
throughout the foraminifer’s ontogeny as it grows and symbiont numbers
increase (Spero and Parker, 1985; Fujiki et al., 2014; Takagi et al., 2016). This
might explain why B/Ca and U/Ca banding overlies broader compositional
trends that occur with shell thickening over multiple days of growth (Figure
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5.3). For example, increased consumption of DIC through increased pho-
tosynthetic activity of the growing symbiont population could account for
the longterm trends of increasing B/Ca and increasing U/Ca through the
foraminifer shell.
5.4.2 Bulk-shell TE/Ca composition response to seawater car-
bonate system variations
The bulk B/Ca and U/Ca systematics observed here are qualitatively con-
sistent with those documented for O. universa cultures by Allen et al. (2011)
and Russell et al. (2004; Figure 5.6). Shell B/Ca compositions show a pos-
itive correlation with [B(OH)4-/HCO3-] as expected based on equation 5.1,
albeit with a significant positive intercept (Figure 5.9). The trend and inter-
cept are broadly consistent with results from previous studies, after taking
into account the [B]sw difference between studies.
The lack of a Mg/Ca-pH relationship is notable, given previously reported
7 ± 5 % Mg/Ca sensitivity to pH (Russell et al, 2004). The absence of this
relationship may be attributable to the high variability of Mg/Ca between
individual shells (Sadekov et al., 2008; Spero et al., 2015), combined with the
limited specimen numbers in our study. The variability of TE/Ca compos-
itions between individuals could be due to a range of factors, for example,
organism size, growth rate and genetic factors (Boyle, 1995), as well as the
size, growth rate and location of the symbiont population.
5.4.3 Calcification rate effects on trace element incorporation
The twofold increase of foraminifer calcification rate over the large experi-
mental range of DIC and Ω is significantly lower than the precipitation rate
increase predicted for inorganic calcite. Using calcite precipitation rate calcu-
lations of Butron and Walter (1987), increasing solution saturation state from
2 to 8 results in an increase of inorganic precipitation rate by 20 times, this
is an order of magnitude larger than for O. universa. The twofold increase
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Figure 5.9: (a) Bulk shell B/Ca of O. universa plotted as a function of seawater
[B(OH)4-]/[HCO3-] ratio. The low DIC experiments had [B]sw less than half
that of the other experiments, requiring its measured bulk shell B/Ca (open
symbol) to be corrected using the B/Ca - [B(OH)4-] relationship from Allen
et al. (2011). (b) A comparison of the B/Ca results from our experiments
and Allen et al. (2011), including a correction to the Allen et al. (2011) pH
experiments for 5x lower [B]sw. Error bars are ± 2se. The trends between the
data in this study and those of Allen et al. (2011) are broadly comparable, the
variability in our data is a result of the small number of foraminifers used to
produce mean shell B/Ca for each experiment.
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in calcification rate from the low DIC to high DIC experiments (low to high
[CO32-]) is broadly consistent with a twofold increase in shell thickness over
a ten-fold increase of [CO32-] observed Bijma et al. (1999) and Russell et al.
(2004), who attributed this observation to increased shell calcification rates.
Our log10 Rate values are consistent with previous rate estimates for other
planktic foraminifers (i.e. log10 R = -6.6 to -6.0) grown over a similar range of
seawater Ω (see Fantle and Tipper, 2014, and calculated using calcium isotope
data from Gussone et al., 2003 and Kısakürek et al., 2011).
A wealth of experimental data and an extensive theoretical basis underpin
evidence for the effect of calcification rate on trace element incorporation into
calcite (see Lorens, 1981; Tesoriero and Pankow, 1996; Gabitov and Watson,
2006; DePaolo, 2011; Nielsen et al., 2012). In general, in inorganic calcite,
Sr and other incompatible trace elements (KD < 1) exhibit larger partition
coefficients with increasing calcite precipitation rate, whereas Mn and other
compatible trace elements (KD > 1) experience smaller partition coefficients
with increased precipitation rate (Lorens, 1981; Dromgoule and Walter, 1990;
Tesoriero and Pankow, 1996; Tang et al., 2008). At faster precipitation rates
trace element behaviour tends toward kinetic fractionation, whereas at slower
precipitation rates equilibrium partitioning dominates (DePaolo, 2011). The
apparent sensitivity of bulk shell Mg/Ca, Sr/Ca and Mn/Ca compositions to
seawater carbonate system parameters could reflect the effect of these para-
meters on calcification rate, with Sr/Ca and Mg/Ca increasing and Mn/Ca
decreasing with increasing calcification rate (and Ω). These results lend sup-
port to the previous suggestion of increasing Sr/Ca compositions in planktic
foraminifers with increasing calcification rate (Lea et al., 1999; Kısakürek et
al., 2008; Dueñas-Bohórquez et al., 2009). Variation in calcification rates might
also contribute to observed compositional differences between calcite precip-
itated on either side of the POS in individual shells. Very thin diurnal Mg/Ca
bands on the inside of the POS indicate calcification proceeds about 5 times
slower at the inner shell surface than the outer surface in O. universa (Spero
et al., 2015). These slower calcification rates might explain the higher Mn/Ca
compositions and tendency toward lower Sr/Ca compositions between the in-
ner surface and the primary organic sheet (see Figures 5.5 and 5.7). Whether
differences in day and night calcification rates might also be sufficient to mod-
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ulate the amplitude of diurnal banding remains to be established. This will
require future use of higher resolution analysis methods to constrain day and
night calcification rates.
Calcification rates slower than log10 R = -6.0 are within the range where kin-
etic effects influence Sr and Mn partitioning into calcite (Lorens, 1981; Tesor-
iero and Pankow, 1996; Tang et al., 2008; DePaolo, 2011). However, they
fall below the rates where kinetic effects have been shown to strongly influ-
ence inorganic B partitioning into calcite (i.e. log10 R > -6, Uchikawa et al.,
2015). The narrow range of shell calcification rates exhibited by O. universa
further suggests that calcification rate is unlikely to exert a large influence
on bulk shell B/Ca compositions. We suggest that both B/Ca and U/Ca are
much more sensitive to ambient seawater carbonate chemistry at the intra-
shell scale than rate, given that O. universa and other planktic foraminifers
appear to regulate their shell calcification rates within narrow limits.
5.5 Conclusions
It is important to understand how and why trace elements vary within fo-
raminifer shells, in order to constrain “vital effects” on trace element to cal-
cium proxies recorded in shell calcite. In O. universa the B/Ca compositional
banding is out-of-phase with diurnal Mg/Ca banding, and U/Ca banding,
where present, is in-phase with Mg/Ca banding. B/Ca banding and in many
cases U/Ca banding are qualitatively consistent with the respective proxy
responses to diurnal changes in the carbonate system chemistry within the
chemical microenvironment of the foraminifer, based on B/Ca and U/Ca re-
lationships established using bulk analytical methods. These carbonate sys-
tem changes result from the net effects of respiration, calcification, and the
photosynthetic activity of symbionts. However, there is a greater variation of
U/Ca, and of B/Ca (in the high and low DIC experiments), within individual
shells than predicted by microenvironment modelling. It is not clear whether
this is due to limitations with the sensitivities of the bulk shell proxy calibra-
tions used, to the sizes of the net carbon fluxes attributed to photosynthesis
and respiration in the modeled microenvironment, or additional factors that
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are specific to the biomineralisation process. Thus, our current understanding
of diurnal microenvironmental variability is sufficient to explain the relative
phasing, but not amplitude of Mg/Ca, B/Ca and U/Ca banding.
A quadrupling of DIC and calcite saturation state of seawater only results
in a doubling of shell calcification rates. The small number of foraminifers
cultured and analysed in this study reveal that DIC concentration and calci-
fication rate have positive correlations with bulk shell Sr and Mg partitioning,
and a negative correlation with bulk Mn partitioning. No significant calcific-
ation rate effect is observed for bulk shell B and U partitioning. This may
be a consequence of the small (factor of two) range in calcification rate, and
greater sensitivity of these elements to seawater pH and DIC.
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Chapter 6
Intra-shell δ11B variation in
cultured planktic foraminifer
Orbulina universa
Abstract
The bulk boron isotope composition (δ11B) of foraminifer shells is normally
used as a proxy for seawater pH, but is used here to explore chemical changes
within the foraminiferal calcifying environment. High resolution isotopic
depth profiling is used to measure boron isotope variation within laboratory
cultured shells of the planktic foraminifer, Orbulina universa. These measure-
ments are made possible by new high performance 1013 Ω resistors attached
to the Faraday cups of a Neptune PlusTM MC-ICP-MS. They reveal large and
reproducible δ11B variations within the shells of O. universa. However, these
δ11B variations do not conform exactly to diurnally paced Mg/Ca and B/Ca
banding in the same shells. Bulk shell δ11B composition estimates show large
positive offsets from the borate ion δ11B composition of seawater, with larger
offsets occurring at lower seawater pH. This fractionation is much larger than
in previous studies, but otherwise consistent with the observed behavior of
δ11B in foraminiferal and inorganic calcite with pH. The much larger frac-
tionation observed here might be linked to the elevated B and 10B-enriched
compositions of the experimental seawaters.
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6.1 Introduction
The boron isotope composition of foraminifer shells is used as a proxy to
reconstruct past ocean pH (Hо¨nisch et al., 2009; Seki et al., 2010; Foster et
al., 2012; Martínez-Botí et al., 2015 a and b; Anagnostu et al., 2016; Stap
et al., 2016). The theoretical basis for this proxy lies in the boron isotope
fractionation between the predominate boric acid (B(OH)3) and borate ion
(B(OH)4-) species, whose concentrations in seawater are dependent on pH
through the acid-base equilibria:
B (OH)3 + 2H2O⇐⇒ B (OH)−4 + H3O+ (6.1)
and associated equilibrium constant:
K∗B =
[H+]
[
B (OH)−4
]
[B (OH)3]
(6.2)
In seawater at T = 25 °C and S = 35, the pK*B value where the concentration
of boric acid and the borate ion are equal is 8.60 (DOE, 1994).
Boron has two stable isotopes, 10B and 11B, the ratio of which is typically
expressed in delta notation relative to National Institute of Standards and
Technology Standard Reference Materials (NIST SRM) 951 boric acid:
δ11B (0/00) =
[(
11B/10Bsample
11B/10BSRM 951
)
− 1
]
· 1000 (6.3)
Between the two dissolved boron species there is a large isotopic fractionation,
which results in the enrichment of 11B in B(OH)3 compared to B(OH)4-. The
isotopic exchange between the two dissolved boron species in seawater is
expressed as:
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10B (OH)3 +
11 B (OH)−4 ⇐⇒ 11B (OH)3 +10 B (OH)−4 (6.4)
with an isotopic fractionation factor, (αB):
αB =
(
11B
10B
)
B(OH)3(
11B
10B
)
B(OH)−4
(6.5)
The fractionation factor has experimentally determined values of 1.0272 ±
0.0006 (Klochko et al., 2006) and 1.0260 ± 0.0010 (Nir et al., 2015). The isotopic
composition of both boron species is required to sum to that of seawater
(+39.61 ± 0.04 0/00; Foster et al., 2010), which means that as the concentration
of the boron species changes with pH, so too does their isotopic composition
(Figure 6.1). The δ11B composition of the dissolved B(OH)3 and B(OH)4- is
shown as a function of seawater pH in Figure 6.1 b.
The empirical basis for the δ11B-pH proxy comes from correlations observed
between the δ11B of seawater B(OH)4- and the δ11B composition of foraminifer
calcite. This correlation is used to suggest that the B(OH)4- ion is selectively
incorporated into calcium carbonate from seawater via the exchange reaction
(Hemming and Hanson, 1992; Figure 6.1 b):
CaCO3 (s) + B (OH)
−
4 (aq) ⇐⇒ Ca (HBO3) (s) + HCO−3 (aq) + H2O (6.6)
Deviation between the δ11B composition of foraminifers and of the dissolved
borate ion (Figure 6.1 b) is often attributed to ‘vital effects’, effects relating
to the biology of the foraminifer. An example of this is the altered chemistry
of the seawater immediately around the foraminifer, which can be different
from ambient seawater. This is because the transport of ions seawater and the
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Figure 6.1: The (a) concentration and (b) isotopic composition of dissolved
boron species B(OH)3 and B(OH)4- in seawater varies as a function of pH, here
T = 25 °C and S = 35. Total boron concentration is 432.6 μmol/kg (Lee et al.,
2010) and the dissociation constant of boric acid, pKB is 8.60 (Dickson, 1990).
Seawater boron δ11B is + 39.61 0/00 (Foster et al., 2010), and the fractionation
factor, αB, between the two dissolved boron species is 1.0272 (Klochko et al.,
2006). Also plotted in panel (b) is the boron isotope composition of a variety
of planktic foraminifer species.
§6.1 Introduction 147
shell surface is diffusion limited. Foraminifers that live with photosynthetic
algal symbionts experience large changes in CO2 at the shell surface caused
by physiological processes; photosynthesis, respiration and calcification. Due
to the slow equilibration and transport of dissolved carbon species through
the diffusive boundary layer around the foraminifer, chemical gradients exist
between bulk seawater and the foraminifer shell (Zeebe et al., 1999).
Observed and modelled pH variations adjacent to the shell surface are large
(up to 1 pH unit; Jørgsen et al., 1985; Rink et al., 1998; Wolf-Gladrow et al.,
1999; Zeebe et al., 2003; Kо¨hler-Rink and Kühl, 2005), such that there is sig-
nificant potential for modification of the δ11B composition of dissolved borate
ions in the foraminifers’ chemical microenvironment. The bulk shell δ11B
composition of the symbiont bearing foraminifer Orbulina universa grown un-
der different light conditions, and thus photosynthetic rates, are consistent
with the influence of changes to microenvironment seawater pH due to pho-
tosynthetic fixation of CO2 by the algal symbionts (Hо¨nisch et al., 2003; Zeebe
et al., 2003). In high light conditions (~320 µmol photons/m2/s) O. universa
shells have δ11B compositions that are 1.5 0/00 heavier than those grown in
low light conditions (~19 µmol photons/m2/s; Hо¨nisch et al., 2003). The
diffusion-reaction model developed by Zeebe et al. (2003), which describes
the carbonate chemistry within the foraminifer microenvironment, estimates
an adult O. universa growing under irradiance levels sufficient to saturate
symbiont photosynthesis (166 µmol photons/m2/s) would undergo a change
in pH in microenvironment seawater from 7.66 to 8.35 over a light-dark cycle.
The corresponding δ11B composition of seawater borate ion immediately ad-
jacent to the shell could be expected to vary by ~6 0/00 with this daily change
in pH (Figure 6.2).
The planktic foraminifer used in this study, Orbulina universa, is well suited to
investigating changes in precipitated CaCO3 composition over diurnal time
scales (Eggins et al., 2004; Vetter et al., 2013, 2014; Spero et al., 2015) because
it forms a final spherical chamber that thickens continuously over several
days between formation and gametogenesis (Spero, 1988). Prior to forming
its spherical chamber O. universa excretes an organic template (known as the
Primary Organic Sheet; POS), which provides a surface for nucleation and
growth of its calcium carbonate shell (Spero, 1988; de Nooijer et al., 2014). As
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Figure 6.2: Calculated diurnal changes in seawater pH and dissolved borate
δ11B composition immediately adjacent to the shell wall of O. universa, based
on the diffusion-reaction model of Zeebe et al. (2003). The model is calculated
for a typical foraminifer growing in pH 8.0 (total scale) seawater, which has
a shell radius of 250 µm and symbionts that photosynthesise within a halo
between the shell surface and 500 µm from the shell surface. Rates of photo-
synthesis, respiration and calcification were fixed at 10, 2 and 3 nmol C/h in
the light, and 0, 2 and 1 nmol C/h in the dark, as in Zeebe et al. (2003).
the shell wall thickens, bands of varying Mg/Ca composition are deposited
on the shell surface, with low Mg/Ca bands precipitating during the day, and
high Mg/Ca bands during the night (Eggins et al., 2004; Spero et al., 2015).
This diurnally paced Mg/Ca banding has been used to infer the timing of
similar B/Ca and U/Ca banding observed in O. universa shells (see Chapter
5). The anti-phasing of B/Ca banding to Mg/Ca is qualitatively consistent
with diurnal changes in microenvironment pH that modulate the seawater
[B(OH)4-/HCO3-] ratio and produce compositional bands with higher B/Ca
during the day (Chapter 5).
The measurement of intra-shell foraminiferal δ11B compositions, has been fa-
cilitated by culturing the symbiotic foraminifer O. universa in 10B enriched
seawater and using in-situ micro-analysis of changes in shell δ11B composi-
tion by laser ablation-multiple collector-ICP-MS (LA-MC-ICP-MS). The shells
analyzed here are the same shells investigated for diurnal changes in B/Ca
and U/Ca in Chapter 5. This study pilots laser ablation micro-sampling in
concert with a Neptune PlusTM MC-ICP-MS with Faraday cup detectors fit-
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ted with 1013 Ω resistors so that more precise measurement of boron isotope
compositions can be made at low signal intensities.
6.2 Methods
6.2.1 Foraminifer collection and culturing
A small number of O. universa were cultured during August 2013 as a part of a
set of pH and DIC experiments designed to explore the response of bulk- and
intra-shell compositional variation to seawater carbonate system chemistry
(detailed in Chapter 5). Experiments were conducted at the Wrigley Institute
for Environmental Studies (WIES) of the University of Southern California,
on Santa Catalina Island, California, using established methods described in
detail in Chapter 5.
The total alkalinity and pH of the experiment seawaters were measured at the
beginning and end of each experiment using a Metrohm 809 open-cell autoti-
trator and a Metrohm pH electrode, and are reported in Table 6.1. Other car-
bonate system parameters were calculated using a version of the van Heuven
et al. (2011) Matlab script (CO2SYS.m) that was modified to accommodate
changes to seawater boron concentration ([B]sw) independent of salinity. Sam-
ples of experiment seawaters were filtered using 0.22 µm Millipore syringe
filters, transferred to acid cleaned 15 mL plastic vials and acidified to pH
~4 with optima grade HNO3 for total [B]sw analysis at the Research School
of Earth Sciences (RSES), at the Australian National University, (ANU), and
for boron isotope analysis at the Godwin Laboratory, Cambridge University.
To facilitate high precision profiling of boron isotope variation through the
shell walls of individual foraminifer shells, the experiment seawaters were
enriched in 10B boric acid and boric acid by the addition of NIST SRM 952
and 951. The resulting seawater had [B]sw five times higher than natural sea-
water (i.e. 2179 µmol/kg vs. 432 µmol/kg, Lee et al., 2010), and a 11B/10B
ratio of 1.6 (c.f. natural 11B/10B ratio of ~4) producing a seawater δ11B value
of ~ -600 0/00.
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Only shells from experiments conducted in high DIC (4035 µmol/kg) and
high pH (8.44, total scale) seawaters were analyzed successfully by LA-MC-
ICP-MS. Shells grown in low DIC (1031 µmol/kg) and low pH (7.53, total
scale) experiment seawaters were too thin and fragile for laser ablation anal-
ysis.
6.2.2 Sample preparation and analysis
The trace metal concentrations of experiment seawaters were measured us-
ing a Varian Vista Pro Axial ICP-AES and a Varian 820 Quadrupole ICP-
MS at the RSES, ANU. Seawater samples were diluted 10x with 2 % HNO3
for analysis by ICP-AES, and 100x with 2 % HNO3 for analysis by ICP-MS.
An in-house synthetic seawater standard was used to implement a standard-
sample-standard bracketing analysis protocol to correct for any instrument
drift. Repeat measurements of the NASS-4 seawater reference material (NRC,
Canada) had a reproducibility for [B]sw of 0.7 % and 4.9 % (2σv) by ICP-MS
and ICP-AES, respectively.
Boron isotope compositions of experimental seawaters were determined us-
ing a Thermo Element XR HR-ICP-MS following the method of Misra et al.
(2014) at the Godwin Laboratory, Cambridge University. Boron was puri-
fied from seawater using a micro-distillation method (Gaillardet et al., 2001;
Chetelat et al., 2005; Misra et al., 2014). Samples were diluted to 5.0 ± 1.0
ppb B in a 0.3M HF matrix. In this method high signal to blank ratios are
achieved by the samples being diluted in a HF matrix, as well as the use of
Pt injector into the ICP-MS and, Jet Sampler and ‘X’ Skimmer cones (Misra et
al., 2014). Standard-sample-standard bracketing was employed to correct for
any instrumental mass fractionation.
Orbulina universa shells were cleaned prior to LA-ICP-MS and LA-MC-ICP-
MS analysis using an oxidative cleaning procedure. Shells were cracked open
using a scalpel blade and placed in an equal mix of 30 % hydrogen peroxide
and 0.1M NaOH in vials, for ~10 minutes in a water bath at 55 ± 5 °C (Pak et
al., 2004). The oxidizing solution was removed from the sample by multiple
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ultra-pure Milli-Q water rinses. Shells were inspected under a binocular mi-
croscope to check for the complete removal of organic material before being
mounted on carbon tape for analysis. Trace element to calcium ratios were
measured by LA-ICP-MS at RSES, ANU following Eggins et al. (2003, 2004)
and are presented in Chapter 5. After trace element analysis, shell fragments
were repositioned on the carbon tape so areas clear of laser ablation pits could
be analyzed by LA-MC-ICP-MS.
Boron isotopes were measured using a Thermo Neptune PlusTM MC-ICP-MS
coupled to an Analyte G2 Excimer Laser (Teledyne Photon Machines Inc.) at
the Godwin Laboratory, Cambridge University. Laser ablation sampling was
conducted using a 90 x 90 µm square, at a laser pulse rate of 2 Hz and applied
laser fluence of ~3 J/cm2. Both 10B and 11B were measured simultaneously in
Faraday Cups equipped with 1013 Ω resistors. Compared to standard 1011 Ω
resistors the 1013 Ω resistors improve the voltage output relative to noise by
a factor of 10 (Koornneef et al., 2014). Faraday cup detectors equipped with
1013 Ω resistors deliver better precision that ion counters due to their highly
linear and stable signal output and well documented gain stability, where
measured signals exceed 106 cps (counts per second; Hirata et al., 2003; Bre-
ton et al., 2015). This makes 1013 Ω resistors ideal for measuring boron and
other isotope systems in samples with low analyte concentrations and/or lim-
ited sample size (Brenton et al., 2015). However, the 1013 Ω resistors result in
slower detector response to changes in signal intensity. This creates a poten-
tial problem if the detector response times differ, because measured isotope
ratio values are then biased, and the size of the bias varies with the relative
rate of signal intensity change, as documented by Hirata et al. (2003) and
Iizuka et al. (2011). A linear fit to the measured 11B/10B ratio and the rate
of boron signal intensity change on the NIST SRM 612 glass, was employed
here to correct the measured isotope ratio for any change in signal intensity,
following Iizuka et al. (2011; Figure 6.3). Without this correction measured
δ11B isotopic variation would be an artifact of the significant signal intensity
changes that occur across B/Ca bands in foraminifer shells.
Compositional depth profiles of δ11B through foraminifer shells were mea-
sured using NIST SRM 612 glass as the primary calibration standard and a
University of Cambridge in-house calcite standard as a secondary standard.
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Figure 6.3: Plot of the change in measured 11B/10B ratio of the NIST SRM
612 glass, as a function of the rate of relative 10B signal intensity change,
calculated as [ΔV/V]/Δt where Δt is the time step in seconds. Data were
obtained by varying laser sampling rates of an in-house calcite standard
at the University of Cambridge. The linear fit obtained is: 11B/10B =
(4.524± 0.001) − (0.475± 0.011) · ([∆V/V] /∆t). The error envelope shows
the 95% confidence interval of the linear fit.
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Figure 6.4: 11B signal intensity data measured by LA-MC-ICP-MS is aligned
to LA-ICP-MS B/Ca profiles measured in the same shells. Foraminifer depth
profiles are grouped by seawater experiment type and labelled with their
sample number in the bottom right corner of each panel.
δ11B values are reported relative to the NIST SRM 951 based on the δ11B mea-
sured value of the NIST SRM 612 glass, using an empirical correction factor
determined between NIST SRM 612 and NIST SRM 951 (δ11BNIST SRM 951 =
δ11BNIST SRM 612 - 5.62 0/00; A. Sadekov, in prep). Between one and three depth
profiles were measured from the inner to the outer surface of each shell. The
δ11B compositional profiles measured by LA-MC-ICP-MS were aligned to the
previously determined B/Ca compositional profiles by matching features in
the 11B signal intensity data to features in the B/Ca compositional profiles
using the software package AnalyseriesTM v2.0 (Paillard et al., 1996; Figure
6.4)
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6.3 Results
6.3.1 δ11B compositional variation in O. universa
Measured δ11B compositional profiles through the walls of O. universa shells
reveal large and reproducible variations in δ11B. Measurement made in dif-
ferent places through the wall of the same foraminifer shell produce almost
identical δ11B profiles (Figure 6.5).
Most shell profiles have elevated (heavier) δ11B compositions at the inner sur-
face that decrease toward the POS (identified in Chapter 5 as a band of low
Mg/Ca, or high U/Ca (U/Ca not shown here)). The exception is sample
#PT1 which grew initially in natural seawater and has very high δ11B values
near the POS (Figure 6.6). The elevated δ11B compositions of the inner shell
walls are notable for being associated with low B/Ca ratio values between
the inner surface of the shell and the POS. δ11B compositions then level out at
lower values between the POS and the outer surface of the shell (Figure 6.6).
Small δ11B vairations may reflect the presence of cyclic banding similar to
observed Mg/Ca and B/Ca banding in some shells. Details of the δ11B com-
positional banding and possible relationship to Mg/Ca and B/Ca banding in
shells grown under different experimental conditions are examined below.
6.3.1.1 High DIC samples (1994 and 1987)
In sample #1994, the measured δ11B composition decreases by 7 0/00 from -601
0/00 at the inner surface of the shell down to a low value of -608 0/00 about
a third of the way through the shell wall (Figure 6.6 a). Between the POS
and outer surface, δ11B ranges between -606 and -608 0/00. There is no clear
relationship between δ11B variation and the well-defined B/Ca or Mg/Ca
compositional bands in this shell (Figure 6.6 a).
In sample #1987, the inner shell surface again has a δ11B composition of -601
0/00, and decreases to -606 to -608 0/00 on the outer side of the POS, where a
number of cycles in δ11B composition range over ~3 0/00 (Figure 6.6 b). These
cycles occur on a similar length scale to Mg/Ca and B/Ca banding, but are
not consistently in or out of phase with the distinctive B/Ca banding that
occurs in this shell.
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Figure 6.5: Depth profiles of the δ11B composition of foraminifer shells, meas-
ured from the inside through to the outside surface of the shell wall. In
panels (b) and (d) multiple profiles were measured though the shell, and
demonstrate the reproducible patterns in δ11B. Profiles are grouped by sea-
water experiment type and labelled with the foraminifer sample number in
the bottom right corner of each panel.
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Figure 6.6: Measured δ11B, B/Ca and Mg/Ca compositional depth profiles
measured from the inside surface through to the outside surface of the shell.
Blue circles show the median δ11B value of the surrounding 10 measurements,
and error bars are ± 2se. Mg/Ca bands provide a reference for day-night
calcification (Spero et al., 2015).
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6.3.1.2 High pH samples (PT1 and 2041)
Sample #PT1 formed its initial sphere in natural seawater prior to being
placed in the high pH experimental seawater. Accordingly, this shell records a
very large positive δ11B excursion at and around the POS where δ11B reaches
-520 0/00 (Figure 6.6 c). Between the POS and the outer surface of the shell, the
δ11B composition varies between ~ -604 and -607 0/00 on a length scale similar
to Mg/Ca and B/Ca banding and is partially in phase with B/Ca banding.
The measured δ11B composition in foraminifer sample #2014 decreases from
approximately -601 0/00 at the inner surface of the shell down to -605 to -608
0/00 between the POS and the outer surface of the shell (Figure 6.6 d). The δ11B
composition outside the POS varies over ~ 3 0/00, with more positive (heavier)
δ11B values tending to associate with high B/Ca bands (Figure 6.6 d).
6.3.2 Depth resolution of the LA-MC-ICP-MS profiles
The measured δ11B composition in and around the POS in sample #PT1
reaches a maximum value near -520 0/00, about 80 0/00 heavier than the rest
of the shell (c.f. ≤ -600 0/00; Figure 6.6 c). Given the initial shell composition
formed at and around the POS could be expected to have a δ11B consistent
with shell precipitation from natural San Pedro channel seawater (i.e. around
+18 0/00), the maximum value of -520 0/00 is interpreted to be a mix of shell
calcite formed initially in nature and subsequently from experiment seawa-
ter. This mix could be a physical intermix of shell calcite formed from these
sources, or could be due to oblique laser sampling of discrete layer com-
positions within the shell (Figure 6.7 a and b). A mixing model based on
assumed relative geometry of the material ablated with each laser pulse pro-
duces a reasonable match to the observed δ11B profile if a 1.5 µm thick layer
with δ11B = +18 0/00 and factor of 5 lower boron content, is blended across a
laser sampling depth of ~ 2.25 µm (Figure 6.7 c). The extent to which this is
due to the laser sampling cross cutting compositional layers in the shell wall
and complexity of the layer geometry is not able to be distinguished.
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Figure 6.7: (a) Oblique laser sampling of a perfectly layered foraminifer shell.
(b) perfect laser sampling of an obliquely layered foraminifer shell. (c) simu-
lated measurement of a mix of shell calcite formed in nature and form exper-
iment seawater.
6.3.3 Bulk shell δ11B composition variation with seawater pH
The mean bulk shell δ11B compositions of individual foraminifers are calcu-
lated from the average profile composition of each shell after excluding any
calcite grown before placement in experimental seawater (i.e. in the case of
sample #PT1). Bulk shell δ11B compositions for each experiment are listed in
Table 6.2 and plotted against seawater pH in Figure 6.8. Bulk shell δ11B values
are heavier than the calculated δ11B composition of the borate ion in experi-
ment seawaters (Figure 6.8), falling closer to the bulk seawater δ11B than the
borate ion.
6.4 Discussion
6.4.1 Variation in intra-shell δ11B
There are reproducible δ11B composition variations measured in different
parts of the same shell (Figure 6.6). Although the δ11B variation between
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Figure 6.8: Bulk boron isotopes measured in the shells of cultured O. universa,
plotted against the pHTOTAL of experiment seawater. Error bars are ± 2se.
Table 6.2: The bulk δ11B of Orbulina universa shells grown in culture experi-
ments.
sample pH ± δ11B ±
ID TOTAL 1σ (0/00) 2σ
high DIC 1987 7.97 0.02 -605.2 1.21994 -605.4 0.2
high pH 2041 8.44 0.02 -605.6 0.2PT1 -604.5 0.3
§6.4 Discussion 161
Figure 6.9: Comparison of foraminiferal pH calculated from δ11B composi-
tional profiles with modelled foraminiferal microenvironment pH. The axes
are equivalent to illustrate the differences in shell responses to different ex-
perimental seawater chemistries and modelling predictions.
the POS and outer surfaces of most shells occurs on similar length scales to
diurnal Mg/Ca and B/Ca banding, it is not consistently in or out of phase
with the diurnal Mg/Ca and B/Ca banding.
To evaluate whether the observed δ11B variation is consistent with diurnal
changes in microenvironment pH, I used the diffusion-reaction model of
Zeebe et al. (2003; and references therein) to estimate the seawater pH ad-
jacent to the foraminifer shell wall under light and dark conditions for the ex-
perimental seawater pH and DIC compositions used in this study. The model
was run using rates of photosynthesis, respiration and calcification fixed at
10, 2 and 3 nmol C/h in the light, and 0, 2 and 1 nmol C/h in the dark; values
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considered appropriate for O. universa (Zeebe et al., 2003). These estimates of
microenvironment pH are compared with the pH of the foraminifer calcifica-
tion environment, which is calculated by using shell δ11B composition in the
δ11Bcc-pH relation proposed in Zeebe and Wolf-Gladrow (2001):
pH = pK∗B − log10
(
− δ
11Bsw − δ11Bcc
δ11Bsw − αBδ11Bcc − εB
)
(6.7)
This relationship requires pK*B, which is calculated using culture tempera-
ture and salinity conditions, and the boron isotope fractionation factors in
seawater, αB and εB, which are 1.0272 ± 0.006 and 27.2 ±0.6, respectively, as
reported in Klochko et al. (2006).
The predicted diurnal changes in microenvironment pH are similar to the ob-
served range of pH variation calculated from δ11B compositions measured in
samples grown in high pH experiments (Figure 6.9 a and b). However, while
magnitude of pH change predicted in the foraminifer microenvironment is
similar to that calculated from δ11B compositions, the absolute values are off-
set. This offset could be a result of DIC influence on δ11B compositions. A
recent culture study by Howes et al. (2017) does show an increase in the shell
δ11B composition of O. universa with increased seawater DIC concentrations.
The predicted diurnal range in pH (ΔpH) in the microenvironment adjacent
to the shell wall for high DIC and high pH seawaters (ΔpH = 0.22 and 0.18)
is about half that of the low DIC and low pH seawaters (ΔpH = 0.34 and
0.35; Figure 6.10). This is because the seawater pH in the high pH experiment
(pHT = 8.44) lies closer to the experiment seawater pKB value (i.e. 8.64 at T =
22 °C and S = 33), where the slope of the borate ion δ11B-pH curve is steepest
(e.g Figure 6.1). As a consequence the high pH experiment produces a much
larger diurnal change in estimated borate ion δ11B composition (Δδ11BB(OH)4-
= 3.37; Figure 6.10 a) than the low pH experiment (Δδ11BB(OH)4- = 1.08; Figure
6.10 c). This modelling also highlights the relatively small range of intra-shell
δ11B that can be expected to arise with diurnal changes in microenvironment
chemistry resulting from foraminifer and symbiont physiology. The small
range also reflects the effect of elevated [B]sw of the experimental seawater,
§6.4 Discussion 163
Figure 6.10: Estimated variation in seawater pH and borate ion δ11B at the
shell surface in experiments conducted at (a) high pH, (b) high DIC, (c) low
pH and (d) low DIC. The thick black line shows the microenvironment com-
position with the standard reference input for calcification, photosynthesis
and respiration rates of 10, 2 and 3 nmol C/h in the light, and 0, 2 and 1 nmol
C/h in the dark (after Zeebe et al., 2003). The coloured lines in panels (a) and
(b) show how changes to different input variables in the model.
which has increased the seawaters’ buffering capacity and acted to dampen
the range in microenvironment seawater pH and thereby microenvironment
borate ion δ11B composition by ~1 0/00 (Zeebe et al., 2003; Figure 6.10 a and
b).
It is difficult to attribute the differences between the observed and modelled
intra-shell δ11B variations to specific processes within the microenvironment.
Most of the observed range in shell δ11B compositions can be achieved by
varying the absolute and relative magnitudes of the rates of respiration, pho-
tosynthesis and calcification, or by varying distance of the symbiont radius
on the spines (Figure 6.10 a and b). It is further worth noting that many of
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these variables are not fixed in experiments and change over time with varia-
tion in the number, density and position of the symbionts relative to the shell
surface, possible changes in respiration rates with feeding, etc.
6.4.2 Heavy shell δ11B compositions inside the POS
The elevated δ11B compositions at the inner surface of the shells are typically
5 - 6 0/00 heavier than the rest of the shell. The inner calcifying surface of the
foraminifer shell is semi-isolated from the external microenvironment (Spero,
1988) and should experience an even lower pH from a higher respired CO2
load from the foraminifer, and as such should have a lighter δ11B composition.
The lower pH and lower [B(OH)4-] at the inside of the shell is consistent with
the low B/Ca compositions between the inner surface and the POS (Figure
6.6; Chapter 5).
A possible explanation for the heavier δ11B compositions at the growing in-
ner shell surface may be respiration driven dissolution and reincorporation of
boron from the juvenile shell encapsulated within the final spherical shell, or
flux of protons away from the site of calcification (e.g. Toyofuku et al., 2017).
Remineralised boron from the juvenile shell could add to the dissolved boron
of the seawater contained within the shell and become available for incor-
poration into calcite precipitated on the inner surface of the shell. A simple
model which mixes the δ11B and [B]sw compositions of the experimental sea-
water with that of juvenile O. universa shells from the San Pedro Basin (Sanyal
et al., 1996; Allen et al., 2011) is used to assess this possibility (Table 6.3). The
proportion of juvenile shell (j_cc) needed to mix into the experiment seawater
[B]sw to produce the measured δ11B composition at the inner surface of the
spherical chamber (~ -608 to -606 0/00) is calculated to be ~ 7 – 8 % of the
incorporated borate from equation 6.8 (Figure 6.11);
δ11B = F · δ11Bsw + (1− F) · δ11Bj_cc (6.8)
where F is the fraction of the juvenile seawater B that contributes to the inner
shell composition. Dissolution of a juvenile shell weighing <1.5 µg with a
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Table 6.3: Experiment seawater and juvenile shell B and δ11B compositions
used in a simple linear mixing model.
Reservoir B δ11B
(ppm) (0/00)
Experiment seawater (sw) 23.4 -600.3
Juvenile shell (j_cc) 6.7 18.4
Figure 6.11: Mixing line between experiment seawater and juvenile Orbulina
universa shell composition. The point on the mixing line signifies the ~8 %
contribution of the juvenile shell that is needed to produce the δ11B compo-
sition measured in the inner shell. The fraction, F, is calculated as: juvenile
shell / (juvenile shell + seawater).
boron concentration of 6.7 ppm into a volume of seawater contained within a
shell of radius 300 µm, could account for no more than 1 % of the dissolved
boron in seawater inside the spherical shell assuming the shell interior is 50
% filled with experimental seawater. An alternative explanation for the heavy
shell compositions precipitated could involve the incorporation of isotopically
heavier boric acid into shell calcite under the low pH of the seawater within
the spherical shell.
6.4.3 Bulk shell δ11B compositions
The bulk shell δ11B compositions measured in this study are highly fraction-
ated (heavy) relative to the calculated δ11B isotope composition of the sea-
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water borate ion. The difference between the δ11B of calcite and of borate
ions in solution (Δδ11B(calcite-borate)) of +17 0/00 at pHT = 7.97 and +11 0/00 at
pHT = 8.44, are greater than reported from other foraminifer culture stud-
ies (Sanyal et al., 1996, 2001; Howes et al., 2017) or from nature (Henehan
et al., 2016), and in inorganic calcite precipitation experiments (Noireaux et
al., 2015; Figure 6.12). Unlike previous studies the foraminifers here were
grown in seawaters enriched in 10B (11B/10B ratio ~ 0.6 c.f. 0.8) and with very
high boron concentrations, 5x greater than modern seawater. Despite the ex-
perimental seawater being enriched in 10B, foraminifer shells are relatively
enriched in 11B.
Whether the observed large fractionation factor between the δ11B composition
of the foraminifer shell and the seawater borate ion is an analytical artifact or
a product of the unnatural solution 11B/10B ratio is not obvious. Previous
experiments conducted at elevated boron concentrations and/or slight en-
richment in 10B by Howes et al. (2017), Sanyal et al. (2001) and Noireaux et
al. (2015) all show increasingly large positive Δδ11B(calcite-borate) fractionation
factors at lower seawater pH (Figure 6.12). The current experiment results are
consistent with this trend, albeit with much larger Δδ11B(calcite-borate) values.
The increase in the Δδ11B(calcite-borate) at lower seawater pH (Figure 6.12) can
be described by a model that defines simple endmember fractionation factors
at low pH (αlow pH) and high pH (αhigh pH), such that the fractionation factor
at any pH can be described as a function of the [B(OH)4-]/[B]sw in seawater:
α(calcite−borate) =
αlow pH
1+ [
B(OH)−4 ]
[B]sw
·
(
αlow pH
αhigh pH
− 1
) (6.9)
This equation has a functional form consistent with the DePaolo (2011) model
for isotopic fractionation during precipitation of calcite from aqueous solu-
tions. In equation 6.9 αlow pH is required to vary with foraminifer species
to produce the observed interspecies differences in shell δ11B compositions.
This could indicate different biological controls on calcite precipitation. For
example, the extent to which different foraminifer species can raise the pH
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Figure 6.12: Boron isotope fractionation between calcite and the borate ion
in solution (Δδ11B (calcite-borate) and α(calcite-borate)) calculated for foraminifers
grown in this study (filled circles). The Δδ11B(calcite-borate) calculated for
foraminifers cultured in Sanyal et al. (1996, 2001), Henehan et al. (2016)
and Howes et al. (2017) and of inorganic calcite precipitation experiments
by Noireaux et al. (2015) are also plotted. T. sacculifer cultured by Sanyal
et al. (2001) were grown in seawater with an elevated boron concentration
(10x [B]sw) and a seawater δ11B of -6.9 0/00. O. universa cultured by Howes et
al. (2017) were grown in seawater with 10x [B]sw and a seawater δ11B of ~
+4.6 0/00. O. universa cultured by Sanyal et al. (1996) were grown in natural
seawater compositions. O. universa cultured by Henehan et al. (2016) were
collected from modern open ocean with natural seawater boron concentration
and isotopic compositions. The inorganic calcite precipitation experiments by
Noireaux et al. (2015) were performed at elevated boron concentration (2 –
45x [B]sw), with a seawater δ11B of -0.8 0/00.
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of their calcification environment, and therefore modify the amount and δ11B
composition of the dissolved borate ions. For this study a high αlow pH value
(1.023) is needed to account for the α(calcite-borate) values calculated. At high
pH and high [B(OH)4-]/[B]sw ratios, αhigh pH for foraminifers and inorganic
calcite is assumed to be the same, as the high [B(OH)4-]/[B]sw could dominate
over biological effects that work to increase the pH and [B(OH)4-] at the site
of calcification.
Noireaux et al. (2015) proposed that the offsets in δ11B of inorganic calcite
from solution B(OH)4- are caused by increasing incorporation of isotopically
heavy B(OH)3 as the B(OH)3 concentration increases in solution at lower pH.
Uchikawa et al. (2015) also suggest that both B(OH)4- and B(OH)3 are in-
corporated into calcite, given the observed correlation between B/Ca in in-
organic calcite to the solution [B]sw/DIC ratio, and to the precipitation rate.
The shells grown in this study would require 64 and 42 % contributions to
bulk shell δ11B from B(OH)3 in the high DIC and high pH experiments, re-
spectively. These fractional contributions from B(OH)3 are much greater than
those needed to explain the δ11B in other foraminifers and in inorganic calcite
(Figure 6.12).
6.5 Conclusions
LA-MC-ICP-MS equipped with Faraday cup detectors fitted with 1013 Ω resis-
tors is used to depth profile and resolve changes in δ11B compositions within
the shell walls of O. universa. Reproducible cyclic variations in intra-shell
δ11B, typically ranging over 2-3 0/00, appear to occur at the length scale of
diurnal banding observed in Mg/Ca and B/Ca ratios. However, these cycles
are not consistently in or out of phase with Mg/Ca and B/Ca banding in the
same shells.
Bulk shell δ11B compositions calculated from the LA-MC-ICP-MS profiles are
highly fractionated relative to the calculated δ11B composition of experimental
seawater borate ion. This fractionation systematically increases with decreas-
ing seawater pH, a result consistent with previous measurements of δ11B in
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both foraminifers and inorganic calcite. The size of the fractionation is how-
ever considerably larger than observed in previous studies. This could be an
outcome of the elevated (5x normal seawater) boron concentrations and 10B
enriched seawater used in these experiments.
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Chapter 7
Synthesis and future directions
This thesis has made a number of contributions to understanding of the in-
corporation of and sensitivities of geochemical proxies into foraminiferal shell
calcite at both bulk shell and intra-shell scales. The key findings and results
of this thesis are presented in the conclusions sections of each chapter, and
are synthesised here, alongside suggestions for future work.
Chapter 2 reformulated and calibrated the foraminiferal Mg/Ca seawater
thermometer to account for past variation in the Mg/Ca ratio and Ca con-
centration of the ocean. The results of Chapter 2 have potentially significant
consequences for the reconstruction of seawater temperature changes in an-
cient oceans. These results constitute an important advance in current under-
standing of the response of foraminiferal shell compositions and changes in
the sensitivity of the Mg/Ca seawater thermometer with ocean Mg and Ca
chemistry. They suggest major stepped changes in deep ocean temperature,
including at the Eocene-Oligocene boundary that haven’t been revealed by
previous studies. They also suggest significantly greater temperature anoma-
lies occur across the Paleocene Eocene Thermal Maximum event than indi-
cated by previous studies. It would be valuable to calibrate the shell chem-
istry response of other species of planktic and benthic foraminifers used in
paleoceanography across a range of [Mg]sw and [Ca]sw concentrations. An
important initial target species would be Globigerinoides ruber which has al-
ready been calibrated for changes in [Mg]sw concentration but not changes
in [Ca]sw and currently has large error bars associated with the temperature
sensitivity term (see Evans et al. 2016).
An advantage of having used LA-ICP-MS to analyse foraminifer shells in this
study is that the technique consumes only a small fraction of the foraminifer
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shell during analysis, leaving material available from each shell for other sub-
sequent analysis. From the [Mg]sw experiments on O. universa it is planned
to undertake δ26Mg isotope analyses in collaboration with Aleksey Sadekov
and Sambuddah Misra. This would target the unresolved question as to why
planktic foraminifers have unusually low δ26Mg isotope compositions com-
pared to seawater (Δδ26Mgcalcite-seawater ~ -4 to -5 0/00) and to other biogenic
carbonates and inorganic calcite (Δδ26Mgcalcite-seawater ~ -2.6 0/00; Chang et
al., 2004; Pogge von Strandmann, 2008; Wombacher et al., 2011). Because
our experimental seawaters span such a large range of [Mg]sw we anticipate
accompanying changes in shell δ26Mg compositions, if foraminifers actively
regulate the Mg content of their shells and Mg isotope fractionation occurs as
part of the regulation process.
Chapters 3 and 4 examined the behaviour of trace element to calcium ratios
(B/Ca, Mg/Ca, Mn/Ca, Sr/Ca and U/Ca) in cultured foraminifer shells in
response to large and decoupled changes in the carbonate system parame-
ters and calcite saturation state of experimental seawater. DIC was found to
have a significant effect on trace element incorporation, particularly on shell
Sr/Ca compositions. If foraminiferal shell Sr/Ca compositions can be used
to constrain past seawater DIC they have the potential to become an impor-
tant companion proxy to the foraminiferal δ11B-seawater pH, permitting con-
straint of the seawater carbonate system beyond the current limitations of the
foraminifer B/Ca proxy. Moreover, the effects of seawater DIC on foraminifer
B/Ca, Mg/Ca or U/Ca cannot be ignored when interpreting past ocean tem-
peratures or other conditions from these proxies.
Our carbonate system experiments highlight the limited range of shell calci-
fication rates (only 2.7x) despite the wide range of calcite saturation state in
experimental seawaters. This result indicates the shell calcification rates of O.
universa are highly regulated. Moreover, shell calcification rate effects cannot
be invoked to explain large changes in trace element partitioning into shell
calcite, unless shell thickening rates are decoupled in some way from crystal
growth rates. The latter remains a possible explanation for the large range
of partition coefficients observed for Sr/Ca and Mn/Ca and which cannot be
accounted for by Rayleigh fractionation processes. Crystal growth rate effects
will be investigated by LA-MC-ICP-MS analysis of Ca isotopes in remain-
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ing shell material in collaboration with Oscar Branson, using Ca isotopes as a
tracer of calcite precipitation rate (e.g. Gussone et al., 2003, 2005; Lemarchand
et al., 2004). Results will be interpreted in terms of the DePaolo (2011) sur-
face kinetic model for isotopic and trace element fractionation during calcite
precipitation. The surface kinetic model should provide a consistent frame-
work for interpreting observed Ca isotope fractionation and the partitioning
of Sr/Ca and Mn/Ca in terms of kinetic and equilibrium processes on crystal
growth surfaces, as dictated by the net rate of calcite precipitation and rate of
ion transport to a growing crystal surface.
Chapters 5 and 6 investigated the extent of intra-shell variation in B/Ca
and U/Ca and correlated observed banding to diurnal changes and found
it to be consistent with diurnal changes in carbonate system chemistry in the
foraminiferal microenvironment. In contrast intra-shell δ11B variation was not
clearly correlated with modelled diurnal pH changes within the foraminifer
microenvironment. The observed intra-shell B/Ca and U/Ca banding indi-
cates foraminifer shell compositions sense the conditions of their microenvi-
ronment, which is not equivalent to the surrounding bulk seawater. Further-
more, bulk shell compositions integrate this variability and are a weighted
average of the differing amounts of calcite deposited during the day and dur-
ing the night, which for O. universa is a 3:1 ratio (Lea et al., 1995). Future
work could be directed to investigating intra-shell variability in other plank-
tic foraminifer species, in particular whether calcification is continuous as in
O. universa, and to establish the rates at which they precipitate calcite. Such
investigations might help resolve the offsets in shell B/Ca, U/Ca and Mg/Ca
compositions between different planktic species.
The large offset between the bulk shell boron isotope composition the boron
isotope composition of the borate ion in seawater found in Chapter 6 remains
a significant puzzle. In addition to the experiments on O. universa grown
in seawaters with isotopically enriched boron, I have grown hundreds of in-
dividual Globigerina bulloides in seawater with elevated boron concentrations
and almost equal boron isotope composition (i.e. 11B/10B ≈ 1). The conven-
tional analysis of these G. bulloides shells might help provide insight into the
cause of the large and puzzling offset in the bulk shell δ11B composition of O.
universa grown in similar boron and 10B enriched seawater compositions.
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To conclude, this PhD project has made significant contributions to under-
standing the incorporation and sensitives of proxies in the shells of foraminiferal
calcite by defining the sensitivity of foraminifer shell Mg/Ca ratios to [Mg/Ca]sw
and [Ca]sw concentrations in seawater, by describing bulk shell trace element
composition responses to seawater pH-DIC-Ca and finding these responses
do not appear to be linked to bulk shell growth rate effects, and by character-
ising intra-shell TE/Ca and boron isotope composition responses to carbonate
system chemistry changes of the foraminifer microenvironment on diurnal
time scales.
References
Acharya, C., Joseph, D., & Apte, S. K. (2009). Uranium sequestration by
a marine cyanobacterium, Synechococcus elongatus strain BDU/75042. Biore-
source Technology, 100(7), 2176–2181.
Al-Ammar, A., Gupta, R. K., & Barnes, R. M. (1999). Elimination of boron
memory effect in inductively coupled plasma-mass spectrometry by addi-
tion of ammonia. Spectrochimica Acta Part B: Atomic Spectroscopy, 54(7), 1077–
1084.
Al-Ammar, A. S., Gupta, R. K., & Barnes, R. M. (2000). Elimination of boron
memory effect in inductively coupled plasma-mass spectrometry by ammo-
nia gas injection into the spray chamber during analysis. Spectrochimica Acta
Part B: Atomic Spectroscopy, 55(6), 629–635.
Allemand, D., Ferrier-Pagès, C., Furla, P., Houlbrèque, F., Puverel, S.,
Reynaud, S., Tambutté, É., Tambutté, S., & Zoccola, D. (2004). Biomineralisa-
tion in reef-building corals: from molecular mechanisms to environmental
control. Comptes Rendus Palevol, 3(6), 453–467.
Allen, K. A. & Hönisch, B. (2012). The planktic foraminiferal B/Ca proxy
for seawater carbonate chemistry: A critical evaluation. Earth and Planetary
Science Letters, 345-348, 203–211.
Allen, K. A., Hönisch, B., Eggins, S. M., Haynes, L. L., Rosenthal, Y., & Yu,
J. (2016). Trace element proxies for surface ocean conditions: A synthesis of
culture calibrations with planktic foraminifera. Geochimica et Cosmochimica
Acta, 193, 197–221.
Allen, K. A., Hönisch, B., Eggins, S. M., & Rosenthal, Y. (2012). Environ-
mental controls on B/Ca in calcite tests of the tropical planktic foraminifer
species Globigerinoides ruber and Globigerinoides sacculifer. Earth and Planetary
Science Letters, 345, 203–211.
175
176 References
Allen, K. A., Hönisch, B., Eggins, S. M., Yu, J., Spero, H. J., & Elderfield,
H. (2011). Controls on boron incorporation in cultured tests of the planktic
foraminifer Orbulina universa. Earth and Planetary Science Letters, 309(3), 291–
301.
Anagnostou, E., John, E. H., Edgar, K. M., Foster, G. L., Ridgwell, A., Inglis,
G. N., Pancost, R. D., Lunt, D. J., & Pearson, P. N. (2016). Changing atmo-
spheric CO2 concentration was the primary driver of early Cenozoic climate.
Nature, 533(7603), 380–384.
Anand, P., Elderfield, H., & Conte, M. H. (2003). Calibration of Mg/Ca
thermometry in planktonic foraminifera from a sediment trap time series.
Paleoceanography, 18(2).
Babila, T. L., Rosenthal, Y., & Conte, M. H. (2014). Evaluation of the biogeo-
chemical controls on B/Ca of Globigerinoides ruber white from the Oceanic
Flux Program, Bermuda. Earth and Planetary Science Letters, 404, 67–76.
Barker, S., Cacho, I., Benway, H., & Tachikawa, K. (2005). Planktonic fo-
raminiferal Mg/Ca as a proxy for past oceanic temperatures: a methodolo-
gical overview and data compilation for the Last Glacial Maximum. Qua-
ternary Science Reviews, 24(7), 821–834.
Barker, S. & Elderfield, H. (2002). Foraminiferal calcification response to
glacial-interglacial changes in atmospheric CO2. Science, 297(5582), 833–836.
Bé, A. W., Hemleben, C., Anderson, O., & Spindler, M. (1980). Pore struc-
tures in planktonic foraminifera. Journal of foraminiferal Research, 10(2), 117–
128.
Bé, A. W., Hemleben, C., Anderson, O. R., & Spindler, M. (1979). Chamber
formation in planktonic foraminifera. Micropaleontology, (pp. 294–307).
Bentov, S., Brownlee, C., & Erez, J. (2009). The role of seawater endocytosis
in the biomineralization process in calcareous foraminifera. Proceedings of
the National Academy of Sciences, 106(51), 21500–21504.
Bentov, S. & Erez, J. (2005). Novel observations on biomineralization pro-
cesses in foraminifera and implications for Mg/Ca ratio in the shells. Geo-
logy, 33(11), 841–844.
References 177
Bentov, S. & Erez, J. (2006). Impact of biomineralization processes on the
Mg content of foraminiferal shells: A biological perspective. Geochemistry,
Geophysics, Geosystems, 7(1).
Berner, R. (1975). The role of magnesium in the crystal growth of calcite and
aragonite from sea water. Geochimica et Cosmochimica Acta, 39(4), 489IN3495–
494504.
Bijma, J., Hönisch, B., & Zeebe, R. E. (2002). Impact of the ocean carbon-
ate chemistry on living foraminiferal shell weight: Comment on "Carbonate
ion concentration in glacial-age deep waters of the Caribbean Sea" by W. S.
Broecker and E. Clark. Geochemistry, Geophysics, Geosystems, 3(11), 1–7.
Bijma, J., Spero, H. J., & Lea, D. W. (1999). Reassessing Foraminiferal Stable
Isotope Geochemistry: Impact of the Oceanic Carbonate System (Experimental Res-
ults), chapter 20, (pp. 489–512). Springer Berlin Heidelberg.
Billups, K. & Schrag, D. (2003). Application of benthic foraminiferal mg/ca
ratios to questions of cenozoic climate change. Earth and Planetary Science
Letters, 209(1), 181–195.
Billups, K. & Schrag, D. P. (2002). Paleotemperatures and ice volume of the
past 27 Myr revisited with paired Mg/Ca and 18O/16O measurements on
benthic foraminifera. Paleoceanography, 17(1), 3–1–3–11.
Blue, C., Giuffre, A., Mergelsberg, S., Han, N., Yoreo, J. D., & Dove, P. (2017).
Chemical and physical controls on the transformation of amorphous cal-
cium carbonate into crystalline caco3 polymorphs. Geochimica et Cosmochim-
ica Acta, 196, 179 – 196.
Boyle, E. A. (1995). Limits on benthic foraminiferal chemical analyses as
precise measures of environmental properties. The Journal of Foraminiferal
Research, 25(1), 4–13.
Bracco, J. N., Grantham, M. C., & Stack, A. G. (2012). Calcite growth rates as
a function of aqueous calcium-to-carbonate ratio, saturation index, and in-
hibitor concentration: Insight into the mechanism of reaction and poisoning
by strontium. Crystal Growth & Design, 12(7), 3540–3548.
178 References
Bralower, T. J., Thomas, D. J., Zachos, J. C., Hirschmann, M. M., Röhl, U.,
Sigurdsson, H., Thomas, E., & Whitney, D. L. (1997). High-resolution records
of the late Paleocene thermal maximum and circum-Caribbean volcanism: Is
there a causal link? Geology, 25(11), 963–966.
Branson, O., Kaczmarek, K., Redfern, S. A. T., Misra, S., Langer, G., Tyl-
iszczak, T., Bijma, J., & Elderfield, H. (2015). The coordination and distri-
bution of B in foraminiferal calcite. Earth and Planetary Science Letters, 416,
67–72.
Brennan, S. T., Lowenstein, T. K., & Cendón, D. I. (2013). The major-ion
composition of Cenozoic seawater: The past 36 million years from fluid in-
clusions in marine halite. American Journal of Science, 313(8), 713–775.
Breton, T., Lloyd, N. S., Trinquier, A., Bouman, C., & Schwieters, J. B. (2015).
11th applied isotope geochemistery conference AIG-11 improving precision
and signal/noise ratios for MC-ICP-MS. Procedia Earth and Planetary Science,
13, 240–243.
Broecker, W. & Yu, J. (2011). What do we know about the evolution of Mg to
Ca ratios in seawater? Paleoceanography, 26(3).
Burton, E. A. & Walter, L. M. (1987). Relative precipitation rates of arag-
onite and Mg calcite from seawater: Temperature or carbonate ion control?
Geology, 15(2), 111–114.
Butterworth, S. (1930). On the theory of filter amplifiers. Wireless Engineer,
7(6), 536–541.
Chang, V. T.-C., Williams, R., Makishima, A., Belshawl, N. S., & OâA˘Z´Nions,
R. K. (2004). Mg and ca isotope fractionation during caco 3 biomineralisa-
tion. Biochemical and biophysical research communications, 323(1), 79–85.
Chetelat, B., Gaillardet, J., Freydier, R., & Négrel, P. (2005). Boron isotopes
in precipitation: experimental constraints and field evidence from french
guiana. Earth and Planetary Science Letters, 235(1), 16–30.
Coggon, R. M., Teagle, D. A., Smith-Duque, C. E., Alt, J. C., & Cooper, M. J.
(2010). Reconstructing past seawater Mg/Ca and Sr/Ca from mid-ocean
ridge flank calcium carbonate veins. Science, 327(5969), 1114–1117.
References 179
Cohen, A. L. & McConnaughey, T. A. (2003). Geochemical perspectives on
coral mineralization. Reviews in Mineralogy and Geochemistry, 54(1), 151–187.
Cramer, B. S., Miller, K. G., Barrett, P. J., & Wright, J. D. (2011). Late
Cretaceous-Neogene trends in deep ocean temperature and continental ice
volume: Reconciling records of benthic foraminiferal geochemistry (δ18O
and Mg/Ca) with sea level history. Journal of Geophysical Research: Oceans,
116(C12).
Davis, K. J., Dove, P. M., & De Yoreo, J. J. (2000). The role of mg2+ as an
impurity in calcite growth. Science, 290(5494), 1134–1137.
de Nooijer, L. J., Spero, H. J., Erez, J., Bijma, J., & Reichart, G. J. (2014).
Biomineralization in perforate foraminifera. Earth-Science Reviews, 135, 48–
58.
de Nooijer, L. J., Toyofuku, T., & Kitazato, H. (2009). Foraminifera promote
calcification by elevating their intracellular pH. Proceedings of the National
Academy of Sciences, 106(36), 15374–15378.
De Yoreo, J. J., Gilbert, P. U. P. A., Sommerdijk, N. A. J. M., Penn, R. L.,
Whitelam, S., Joester, D., Zhang, H., Rimer, J. D., Navrotsky, A., Banfield,
J. F., Wallace, A. F., Michel, F. M., Meldrum, F. C., Cölfen, H., & Dove, P. M.
(2015). Crystallization by particle attachment in synthetic, biogenic, and
geologic environments. Science, 349(6247).
De Yoreo, J. J., Wierzbicki, A., & Dove, P. M. (2007). New insights into
mechanisms of biomolecular control on growth of inorganic crystals. Crys-
tEngComm, 9(12), 1144–1152.
Delaney, M. L., Bé, A. W., & Boyle, E. A. (1985). Li, Sr, Mg, and Na in
foraminiferal calcite shells from laboratory culture, sediment traps, and sed-
iment cores. Geochimica et Cosmochimica Acta, 49(6), 1327–1341.
DePaolo, D. J. (2011). Surface kinetic model for isotopic and trace ele-
ment fractionation during precipitation of calcite from aqueous solutions.
Geochimica et Cosmochimica Acta, 75(4), 1039–1056.
180 References
Dickens, G. R., Castillo, M. M., & Walker, J. C. G. (1997). A blast of gas in
the latest Paleocene: Simulating first-order effects of massive dissociation of
oceanic methane hydrate. Geology, 25(3), 259–262.
Dickson, J. A. D. (2002). Fossil echinoderms as monitor of the Mg/Ca ratio
of Phanerozoic oceans. Science, 298(5596), 1222–1224.
Dickson, J. A. D. (2004). Echinoderm skeletal preservation: calcite-aragonite
seas and the Mg/Ca ratio of Phanerozoic oceans. Journal of Sedimentary Re-
search, 74(3), 355–365.
Dissard, D., Nehrke, G., Reichart, G. J., & Bijma, J. (2010). The impact of
salinity on the Mg/Ca and Sr/Ca ratio in the benthic foraminifera Ammonia
tepida: Results from culture experiments. Geochimica et Cosmochimica Acta,
74(3), 928–940.
Djogic´, R., Sipos, L., & Branica, M. (1986). Characterization of uranium(VI)
in seawater. Journal Name: Limnol. Oceanogr.; (United States); Journal Volume:
31:5, (pp. 1122–1131).
DOE (1994). Handbook of methods for the analysis of the various parameters of the
carbon dioxide system in sea water.
Dromgoole, E. L. & Walter, L. M. (1990). Iron and manganese incorporation
into calcite: Effects of growth kinetics, temperature and solution chemistry.
Chemical Geology, 81(4), 311–336.
Dueñas-Bohórquez, A., da Rocha, R. E., Kuroyanagi, A., Bijma, J., & Reichart,
G.-J. (2009). Effect of salinity and seawater calcite saturation state on Mg and
Sr incorporation in cultured planktonic foraminifera. Marine Micropaleonto-
logy, 73(3-4), 178–189.
Dueñas-Bohórquez, A., Raitzsch, M., de Nooijer, L. J., & Reichart, G.-J.
(2011). Independent impacts of calcium and carbonate ion concentration
on Mg and Sr incorporation in cultured benthic foraminifera. Marine Micro-
paleontology, 81(3), 122–130.
Dunkley Jones, T., Lunt, D. J., Schmidt, D. N., Ridgwell, A., Sluijs, A.,
Valdes, P. J., & Maslin, M. (2013). Climate model and proxy data constraints
References 181
on ocean warming across the Paleocene-Eocene Thermal Maximum. Earth-
Science Reviews, 125, 123–145.
Eggins, S., De Deckker, P., & Marshall, J. (2003). Mg/Ca variation in plank-
tonic foraminifera tests: implications for reconstructing palaeo-seawater
temperature and habitat migration. Earth and Planetary Science Letters,
212(3âA˘S¸4), 291–306.
Eggins, S., Holland, K., Hönisch, B., Spero, H. J., & Allen, K. A. (2013). What
is the right temperature sensitivity for foraminiferal Mg/Ca paleothermo-
metry in ancient oceans? Abstract PP23B-1957 presented at 2013 Fall Meeting,
AGU, San Francisco, Calif., 9-13 Dec, 2013.
Eggins, S. M., Sadekov, A., & De Deckker, P. (2004). Modulation and daily
banding of Mg/Ca in Orbulina universa tests by symbiont photosynthesis and
respiration: a complication for seawater thermometry? Earth and Planetary
Science Letters, 225(3-4), 411–419.
Elderfield, H., Bertram, C. J., & Erez, J. (1996). A biomineralization model
for the incorporation of trace elements into foraminiferal calcium carbonate.
Earth and Planetary Science Letters, 142(3), 409–423.
Elderfield, H. & Ganssen, G. (2000). Past temperature and δ18O of surface
ocean waters inferred from foraminiferal Mg/Ca ratios. Nature, 405(6785),
442–445. 10.1038/35013033.
Elderfield, H., Vautravers, M., & Cooper, M. (2002). The relationship
between shell size and Mg/Ca, Sr/Ca, δ18O, and δ13C of species of plank-
tonic foraminifera. Geochemistry, Geophysics, Geosystems, 3(8), 1–13.
Emiliani, C. (1955). Pleistocene temperatures. The Journal of Geology, 63(6),
538–578.
Erez, J. (1978). Vital effect on stable-isotope composition seen in foraminifera
and coral skeletons. Nature, 273(5659), 199–202. 10.1038/273199a0.
Erez, J. (2003). The source of ions for biomineralization in foraminifera and
their implications for paleoceanographic proxies. Reviews in Mineralogy and
Geochemistry, 54(1), 115–149.
182 References
Evans, D., Brierley, C., Raymo, M. E., Erez, J., & Müller, W. (2016). Plank-
tic foraminifera shell chemistry response to seawater chemistry: Pliocene-
Pleistocene seawater Mg/Ca, temperature and sea level change. Earth and
Planetary Science Letters, 438, 139–148.
Evans, D., Erez, J., Oron, S., & Müller, W. (2015a). Mg/Ca-temperature and
seawater-test chemistry relationships in the shallow-dwelling large benthic
foraminifera Operculina ammonoides. Geochimica et Cosmochimica Acta, 148,
325–342.
Evans, D. & Müller, W. (2012). Deep time foraminifera Mg/Ca paleother-
mometry: Nonlinear correction for secular change in seawater Mg/Ca. Pa-
leoceanography, 27(4).
Evans, D., Wade, B. S., Henehan, M., Erez, J., & Müller, W. (2015b). Revis-
iting carbonate chemistry controls on planktic foraminifera Mg/Ca: Implic-
ations for sea surface temperature and hydrology shifts over the Paleocene-
Eocene Thermal Maximum and Eocene-Oligocene transition. Clim. Past,
12(4), 819–835. CP.
Fantle, M. S. & DePaolo, D. J. (2005). Variations in the marine Ca cycle over
the past 20 million years. Earth and Planetary Science Letters, 237(1), 102–117.
Fantle, M. S. & DePaolo, D. J. (2006). Sr isotopes and pore fluid chemistry
in carbonate sediment of the Ontong Java Plateau: Calcite recrystallization
rates and evidence for a rapid rise in seawater Mg over the last 10 million
years. Geochimica et Cosmochimica Acta, 70(15), 3883–3904.
Fantle, M. S. & Tipper, E. T. (2014). Calcium isotopes in the global biogeo-
chemical Ca cycle: Implications for development of a Ca isotope proxy.
Earth-Science Reviews, 129, 148–177.
Fehrenbacher, J. S., Russell, A. D., Davis, C. V., Gagnon, A. C., Spero,
H. J., Cliff, J. B., Zhu, Z., & Martin, P. (2017). Link between light-
triggered mg-banding and chamber formation in the planktic foraminifera
(neogloboquadrina dutertrei. Nat Commun, 8. Fehrenbacher, Jennifer S
Russell, Ann D Davis, Catherine V Gagnon, Alexander C Spero, Howard
References 183
J Cliff, John B Zhu, Zihua Martin, Pamela Nat Commun. 2017;8:15441.
doi:10.1038/ncomms15441.
Foster, G. L. (2008). Seawater pH, pCO2 and [CO23] variations in the Carib-
bean Sea over the last 130kyr: A boron isotope and B/Ca study of planktic
foraminifera. Earth and Planetary Science Letters, 271(1-4), 254–266.
Foster, G. L., Lear, C. H., & Rae, J. W. B. (2012). The evolution of pCO2, ice
volume and climate during the middle Miocene. Earth and Planetary Science
Letters, 341-344, 243–254.
Foster, G. L., Pogge von Strandmann, P. A. E., & Rae, J. W. B. (2010). Boron
and magnesium isotopic composition of seawater. Geochemistry, Geophysics,
Geosystems, 11(8).
Fujiki, T., Takagi, H., Kimoto, K., Kurasawa, A., Yuasa, T., & Mino, Y. (2014).
Assessment of algal photosynthesis in planktic foraminifers by fast repeti-
tion rate fluorometry. Journal of Plankton Research, 36(6), 1403–1407.
Gabitov, R. I., Sadekov, A., & Leinweber, A. (2014). Crystal growth rate
effect on Mg/Ca and Sr/Ca partitioning between calcite and fluid: An in
situ approach. Chemical Geology, 367, 70–82.
Gabitov, R. I. & Watson, E. B. (2006). Partitioning of strontium between
calcite and fluid. Geochemistry, Geophysics, Geosystems, 7(11).
Gaillardet, J., Lemarchand, D., Göpel, C., & Manhès, G. (2001). Evapora-
tion and sublimation of boric acid: application for boron purification from
organic rich solutions. Geostandards and Geoanalytical Research, 25(1), 67–75.
Glas, M. S., Langer, G., & Keul, N. (2012). Calcification acidifies the microen-
vironment of a benthic foraminifer (Ammonia sp.). Journal of Experimental
Marine Biology and Ecology, 424-425, 53–58.
Gothmann, A. M., Stolarski, J., Adkins, J. F., Schoene, B., Dennis, K. J.,
Schrag, D. P., Mazur, M., & Bender, M. L. (2015). Fossil corals as an archive
of secular variations in seawater chemistry since the Mesozoic. Geochimica et
Cosmochimica Acta, 160, 188–208.
184 References
Gussone, N., Böhm, F., Eisenhauer, A., Dietzel, M., Heuser, A., Teichert,
B. M., Reitner, J., Wörheide, G., & Dullo, W.-C. (2005). Calcium isotope frac-
tionation in calcite and aragonite. Geochimica et Cosmochimica Acta, 69(18),
4485–4494.
Gussone, N., Eisenhauer, A., Heuser, A., Dietzel, M., Bock, B., Böhm, F.,
Spero, H. J., Lea, D. W., Bijma, J., & Nägler, T. F. (2003). Model for kinetic
effects on calcium isotope fractionation δ44Ca in inorganic aragonite and cul-
tured planktonic foraminifera. Geochimica et Cosmochimica Acta, 67(7), 1375–
1382.
Hain, M. P., Sigman, D. M., Higgins, J. A., & Haug, G. H. (2015). The effects
of secular calcium and magnesium concentration changes on the thermody-
namics of seawater acid/base chemistry: Implications for Eocene and Creta-
ceous ocean carbon chemistry and buffering. Global Biogeochemical Cycles,
29(5), 517–533.
Hardie, L. A. (1996). Secular variation in seawater chemistry: an explanation
for the coupled secular variation in the mineralogies of marine limestones
and potash evaporites over the past 600 m.y. Geology, 24(3), 279–283.
Hasiuk, F. J. & Lohmann, K. C. (2010). Application of calcite Mg parti-
tioning functions to the reconstruction of paleocean Mg/Ca. Geochimica et
Cosmochimica Acta, 74(23), 6751–6763.
Hathorne, E., Alard, O., James, R., & Rogers, N. (2003). Determination of
intratest variability of trace elements in foraminifera by laser ablation in-
ductively coupled plasma-mass spectrometry. Geochemistry, Geophysics, Geo-
systems, 4(12).
Hemming, N. G. & Hanson, G. N. (1992). Boron isotopic composition and
concentration in modern marine carbonates. Geochimica et Cosmochimica
Acta, 56(1), 537–543.
Hemming, N. G., Reeder, R. J., & Hanson, G. N. (1995). Mineral-fluid par-
titioning and isotopic fractionation of boron in synthetic calcium carbonate.
Geochimica et Cosmochimica Acta, 59(2), 371–379.
References 185
Hendry, K. R., Rickaby, R. E., Meredith, M. P., & Elderfield, H. (2009). Con-
trols on stable isotope and trace metal uptake in Neogloboquadrina pachyderma
(sinistral) from an Antarctic sea-ice environment. Earth and Planetary Science
Letters, 278(1), 67–77.
Henehan, M. J., Foster, G. L., Bostock, H. C., Greenop, R., Marshall, B. J., &
Wilson, P. A. (2016). A new boron isotope-pH calibration for Orbulina uni-
versa, with implications for understanding and accounting for "vital effects".
Earth and Planetary Science Letters.
Henehan, M. J., Foster, G. L., Rae, J. W. B., Prentice, K. C., Erez, J., Bostock,
H. C., Marshall, B. J., & Wilson, P. A. (2015). Evaluating the utility of B/Ca
ratios in planktic foraminifera as a proxy for the carbonate system: A case
study of Globigerinoides ruber. Geochemistry, Geophysics, Geosystems, 16(4),
1052–1069.
Henehan, M. J., Rae, J. W. B., Foster, G. L., Erez, J., Prentice, K. C., Kucera, M.,
Bostock, H. C., Martínez-Botí, M. A., Milton, J. A., Wilson, P. A., Marshall,
B. J., & Elliott, T. (2013). Calibration of the boron isotope proxy in the plank-
tonic foraminifera Globigerinoides ruber for use in palaeo-CO2 reconstruction.
Earth and Planetary Science Letters, 364, 111–122.
Hershey, J. P., Fernandez, M., Milne, P. J., & Millero, F. J. (1986). The ion-
ization of boric acid in NaCl, Na-Ca-Cl and Na-Mg-Cl solutions at 25C.
Geochimica et Cosmochimica Acta, 50(1), 143–148.
Hirata, T., Hayano, Y., & Ohno, T. (2003). Improvements in precision of iso-
topic ratio measurements using laser ablation-multiple collector-ICP-mass
spectrometry: Reduction of changes in measured isotopic ratios. Journal of
Analytical Atomic Spectrometry, 18(10), 1283–1288.
Hönisch, B., Allen, K. A., Lea, D. W., Spero, H. J., Eggins, S. M., Ar-
buszewski, J., deMenocal, P., Rosenthal, Y., Russell, A. D., & Elderfield, H.
(2013). The influence of salinity on Mg/Ca in planktic foraminifers - Evid-
ence from cultures, core-top sediments and complementary δ18O. Geochimica
et Cosmochimica Acta, 121, 196–213.
186 References
Hönisch, B., Bijma, J., Russell, A. D., Spero, H. J., Palmer, M. R., Zeebe, R. E.,
& Eisenhauer, A. (2003). The influence of symbiont photosynthesis on the
boron isotopic composition of foraminifera shells. Marine Micropaleontology,
49(1-2), 87–96.
Hönisch, B. & Hemming, N. G. (2005). Surface ocean pH response to vari-
ations in pCO2 through two full glacial cycles. Earth and Planetary Science
Letters, 236(1-2), 305–314.
Hönisch, B., Hemming, N. G., Archer, D., Siddall, M., & McManus,
J. F. (2009). Atmospheric carbon dioxide concentration across the Mid-
Pleistocene Transition. Science, 324(5934), 1551–1554.
Hönisch, B., Ridgwell, A., Schmidt, D. N., Thomas, E., Gibbs, S. J., Sluijs, A.,
Zeebe, R., Kump, L., Martindale, R. C., Greene, S. E., Kiessling, W., Ries, J.,
Zachos, J. C., Royer, D. L., Barker, S., Marchitto, T. M., Moyer, R., Pelejero,
C., Ziveri, P., Foster, G. L., & Williams, B. (2012). The geological record of
ocean acidification. Science, 335(6072), 1058–1063.
Horita, J., Zimmermann, H., & Holland, H. D. (2002). Chemical evolution
of seawater during the Phanerozoic: Implications from the record of marine
evaporites. Geochimica et Cosmochimica Acta, 66(21), 3733–3756.
Howes, E. L., Kaczmarek, K., Raitzsch, M., Mewes, A., Bijma, N., Horn, I.,
Misra, S., Gattuso, J.-P., & Bijma, J. (2017). Decoupled carbonate chemistry
controls on the incorporation of boron into orbulina universa. Biogeosciences,
14(2), 415.
Iizuka, T., Eggins, S. M., McCulloch, M. T., Kinsley, L. P. J., & Mor-
timer, G. E. (2011). Precise and accurate determination of 147Sm/144Nd and
143Nd/144Nd in monazite using laser ablation-MC-ICPMS. Chemical Geology,
282(1-2), 45–57.
Jones, E., Oliphant, T., & Peterson, P. (2001). Open source scientific tools for
Python.
Jørgensen, B. B., Erez, J., Revsbech, P., & Cohen, Y. (1985). Symbiotic pho-
tosynthesis in a planktonic foraminiferan, Globigerinoides sacculifer (Brady),
studied with microelectrodes. Limnology and Oceanography, 30(6), 1253–1267.
References 187
Kaczmarek, K., Langer, G., Nehrke, G., Horn, I., Misra, S., Janse, M., &
Bijma, J. (2015). Boron incorporation in the foraminifer Amphistegina lessonii
under a decoupled carbonate chemistry. Biogeosciences, 12(6), 1753–1763.
Katz, M. E., Cramer, B. S., Franzese, A., Hönisch, B., Miller, K. G., Rosenthal,
Y., & Wright, J. D. (2010). Traditional and emerging proxies in foraminifera.
The Journal of Foraminiferal Research, 40(2), 165–192.
Kennett, J. P. & Stott, L. D. (1991). Abrupt deep-sea warming, palaeoceano-
graphic changes and benthic extinctions at the end of the Palaeocene. Nature,
353(6341), 225–229.
Keul, N., Langer, G., de Nooijer, L. J., Nehrke, G., Reichart, G.-J., & Bijma,
J. (2013). Incorporation of uranium in benthic foraminiferal calcite reflects
seawater carbonate ion concentration. Geochemistry, Geophysics, Geosystems,
14(1), 102–111.
Keul, N., Langer, G., Thoms, S., de Nooijer, L. J., Reichart, G.-J., & Bijma,
J. (2017). Exploring foraminiferal sr/ca as a new carbonate system proxy.
Geochimica et Cosmochimica Acta, 202(Supplement C), 374 – 386.
Kısakürek, B., Eisenhauer, A., Böhm, F., Garbe-Schönberg, D., & Erez, J.
(2008). Controls on shell Mg/Ca and Sr/Ca in cultured planktonic fo-
raminiferan, Globigerinoides ruber (white). Earth and Planetary Science Letters,
273(3-4), 260–269.
Kısakürek, B., Eisenhauer, A., Böhm, F., Hathorne, E. C., & Erez, J. (2011).
Controls on calcium isotope fractionation in cultured planktic foraminifera,
Globigerinoides ruber and Globigerinella siphonifera. Geochimica et Cosmochimica
Acta, 75(2), 427–443.
Klinkhammer, G. P., Mix, A. C., & Haley, B. A. (2009). Increased dissolved
terrestrial input to the coastal ocean during the last deglaciation. Geochem-
istry, Geophysics, Geosystems, 10(3).
Klochko, K., Cody, G. D., Tossell, J. A., Dera, P., & Kaufman, A. J. (2009).
Re-evaluating boron speciation in biogenic calcite and aragonite using 11B
MAS NMR. Geochimica et Cosmochimica Acta, 73(7), 1890–1900.
188 References
Klochko, K., Kaufman, A. J., Yao, W., Byrne, R. H., & Tossell, J. A. (2006).
Experimental measurement of boron isotope fractionation in seawater. Earth
and Planetary Science Letters, 248(1-2), 276–285.
Koch, P. L., Zachos, J. C., & Gingerich, P. D. (1992). Correlation between
isotope records in marine and continental carbon reservoirs near the Palaeo-
cene/Eocene boundary. Nature, 358(6384), 319–322.
Köhler-Rink, S. & Kühl, M. (2005). The chemical microenvironment of the
symbiotic planktonic foraminifer Orbulina universa. Marine Biology Research,
1(1), 68–78.
Koornneef, J. M., Bouman, C., Schwieters, J. B., & Davies, G. R. (2014). Meas-
urement of small ion beams by thermal ionisation mass spectrometry using
new 1013 Ohm resistors. Analytica Chimica Acta, 819, 49–55.
Kozdon, R., Kelly, D. C., Kitajima, K., Strickland, A., Fournelle, J. H., & Val-
ley, J. W. (2013). In situ δ18O and Mg/Ca analyses of diagenetic and planktic
foraminiferal calcite preserved in a deep-sea record of the Paleocene-Eocene
Thermal Maximum. Paleoceanography, 28(3), 517–528.
Langer, G., Sadekov, A., Thoms, S., Keul, N., Nehrke, G., Mewes, A.,
Greaves, M., Misra, S., Reichart, G.-J., de Nooijer, L. J., Bijma, J., & Elderfield,
H. (2016). Sr partitioning in the benthic foraminifera ammonia aomoriensis
and amphistegina lessonii. Chemical Geology, 440(Supplement C), 306 – 312.
Larsen, K., Bechgaard, K., & Stipp, S. L. S. (2010). The effect of the Ca2+ to
activity ratio on spiral growth at the calcite surface. Geochimica et Cosmochim-
ica Acta, 74(7), 2099–2109.
Lea, D. W., Martin, P. A., Chan, D. A., & Spero, H. J. (1995). Calcium uptake
and calcification rate in the planktonic foraminifer Orbulina universa. The
Journal of Foraminiferal Research, 25(1), 14–23.
Lea, D. W., Martin, P. A., Pak, D. K., & Spero, H. J. (2002). Reconstructing
a 350 ky history of sea level using planktonic Mg/Ca and oxygen isotope
records from a Cocos Ridge core. Quaternary Science Reviews, 21(1-3), 283–
293.
References 189
Lea, D. W., Mashiotta, T. A., & Spero, H. J. (1999). Controls on magnesium
and strontium uptake in planktonic foraminifera determined by live cultur-
ing. Geochimica et Cosmochimica Acta, 63(16), 2369–2379.
Lea, D. W., Pak, D. K., & Spero, H. J. (2000). Climate impact of late quatern-
ary equatorial pacific sea surface temperature variations. Science, 289(5485),
1719–1724.
Lear, C. H., Elderfield, H., & Wilson, P. A. (2000). Cenozoic deep-sea temper-
atures and global ice volumes from Mg/Ca in benthic foraminiferal calcite.
Science, 287(5451), 269–272.
Lear, C. H., Mawbey, E. M., & Rosenthal, Y. (2010). Cenozoic benthic fo-
raminiferal Mg/Ca and Li/Ca records: Toward unlocking temperatures and
saturation states. Paleoceanography, 25(4).
Lear, C. H., Rosenthal, Y., Coxall, H. K., & Wilson, P. (2004). Late eocene to
early miocene ice sheet dynamics and the global carbon cycle. Paleoceano-
graphy, 19(4).
Lear, C. H., Rosenthal, Y., & Slowey, N. (2002). Benthic foraminiferal Mg/Ca-
paleothermometry: A revised core-top calibration. Geochimica et Cosmochim-
ica Acta, 66(19), 3375–3387.
Lear, C. H., Rosenthal, Y., & Wright, J. D. (2003). The closing of a seaway:
Ocean water masses and global climate change. Earth and Planetary Science
Letters, 210(3-4), 425–436.
Lemarchand, D., Wasserburg, G., & Papanastassiou, D. (2004). Rate-
controlled calcium isotope fractionation in synthetic calcite. Geochimica et
Cosmochimica Acta, 68(22), 4665–4678.
Liu, Z., Pagani, M., Zinniker, D., DeConto, R., Huber, M., Brinkhuis, H.,
Shah, S. R., Leckie, R. M., & Pearson, A. (2009). Global cooling during the
Eocene-Oligocene climate transition. Science, 323(5918), 1187–1190.
Lohmann, G. P. (1995). A model for variation in the chemistry of plank-
tonic foraminifera due to secondary calcification and selective dissolution.
Paleoceanography, 10(3), 445–457.
190 References
Longerich, H. P. (1996). Laser ablation inductively coupled plasma mass
spectrometric transient signal data acquisition and analyte concentration cal-
culation. Journal of Analytical Atomic Spectrometry, 11, 899–904.
Lorens, R. B. (1981). Sr, Cd, Mn and Co distribution coefficients in calcite
as a function of calcite precipitation rate. Geochimica et Cosmochimica Acta,
45(4), 553–561.
Lowenstein, T. K., Hardie, L. A., Timofeeff, M. N., & Demicco, R. V. (2003).
Secular variation in seawater chemistry and the origin of calcium chloride
basinal brines. Geology, 31(10), 857–860.
Lowenstein, T. K., Timofeeff, M. N., Brennan, S. T., Hardie, L. A., & Demicco,
R. V. (2001). Oscillations in Phanerozoic seawater chemistry: Evidence from
fluid inclusions. Science, 294(5544), 1086–1088.
Martin, P. A., Lea, D. W., Mashiotta, T. A., Papenfuss, T., & Sarnthein, M.
(2000). Variation of foraminiferal Sr/Ca over Quaternary glacial-interglacial
cycles: Evidence for changes in mean ocean Sr/Ca? Geochemistry, Geophysics,
Geosystems, 1(12).
Martínez-Botí, M. A., Foster, G. L., Chalk, T. B., Rohling, E. J., Sexton, P. F.,
Lunt, D. J., Pancost, R. D., Badger, M. P. S., & Schmidt, D. N. (2015a). Plio-
Pleistocene climate sensitivity evaluated using high-resolution CO2 records.
Nature, 518(7537), 49–54.
Martínez-Botí, M. A., Marino, G., Foster, G. L., Ziveri, P., Henehan, M. J.,
Rae, J. W. B., Mortyn, P. G., & Vance, D. (2015b). Boron isotope evidence
for oceanic carbon dioxide leakage during the last deglaciation. Nature,
518(7538), 219–222.
Mashiotta, T. A., Lea, D. W., & Spero, H. J. (1999). Glacial - interglacial
changes in Subantarctic sea surface temperature and δ18O-water using fo-
raminiferal Mg. Earth and Planetary Science Letters, 170(4), 417–432.
Mavromatis, V., Gautier, Q., Bosc, O., & Schott, J. (2013). Kinetics of Mg par-
tition and Mg stable isotope fractionation during its incorporation in calcite.
Geochimica et Cosmochimica Acta, 114, 188–203.
References 191
Mavromatis, V., Montouillout, V., Noireaux, J., Gaillardet, J., & Schott, J.
(2015). Characterization of boron incorporation and speciation in calcite and
aragonite from co-precipitation experiments under controlled pH, temperat-
ure and precipitation rate. Geochimica et Cosmochimica Acta, 150, 299–313.
McCrea, J. M. (1950). On the isotopic chemistry of carbonates and a pa-
leotemperature scale. The Journal of Chemical Physics, 18(6), 849–857.
McCulloch, M., Falter, J., Trotter, J., & Montagna, P. (2012). Coral resilience to
ocean acidification and global warming through pH up-regulation. Nature
Clim. Change, 2(8), 623–627.
Mewes, A., Langer, G., de Nooijer, L. J., Bijma, J., & Reichart, G.-J. (2014). Ef-
fect of different seawater Mg2+ concentrations on calcification in two benthic
foraminifers. Marine Micropaleontology, 113, 56–64.
Mewes, A., Langer, G., Reichart, G.-J., de Nooijer, L. J., Nehrke, G., &
Bijma, J. (2015a). The impact of mg contents on sr partitioning in benthic
foraminifers. Chemical Geology, 412(Supplement C), 92 – 98.
Mewes, A., Langer, G., Thoms, S., Nehrke, G., Reichart, G. J., de Nooijer,
L. J., & Bijma, J. (2015b). Impact of seawater [Ca2+] on the calcification and
calcite Mg/Ca of Amphistegina lessonii. Biogeosciences, 12(7), 2153–2162. BG.
Millero, F. J. (1974). Seawater as a multicomponent electrolyte solution. The
sea, 5, 3–80.
Misra, S., Owen, R., Kerr, J., Greaves, M., & Elderfield, H. (2014). Determ-
ination of δ11B by HR-ICP-MS from mass limited samples: Application to
natural carbonates and water samples. Geochimica et Cosmochimica Acta, 140,
531–552.
Morse, J. W. & Bender, M. L. (1990). Partition coefficients in calcite: Exam-
ination of factors influencing the validity of experimental results and their
application to natural systems. Chemical Geology, 82, 265–277.
Mucci, A. & Morse, J. W. (1983). The incorporation of Mg2+ and Sr2+ into
calcite overgrowths: Influences of growth rate and solution composition.
Geochimica et Cosmochimica Acta, 47(2), 217–233.
192 References
Naik, S. S. & Naidu, P. D. (2014). Boron/calcium ratios in Globigerinoides
ruber from the Arabian Sea: Implications for controls on boron incorporation.
Marine Micropaleontology, 107, 1–7.
Nehrke, G., Keul, N., Langer, G., de Nooijer, L. J., Bijma, J., & Meibom, A.
(2013). A new model for biomineralization and trace-element signatures of
foraminifera tests. Biogeosciences, 10(10), 6759–6767.
Nehrke, G., Reichart, G. J., Van Cappellen, P., Meile, C., & Bijma, J. (2007).
Dependence of calcite growth rate and Sr partitioning on solution stoi-
chiometry: Non-Kossel crystal growth. Geochimica et Cosmochimica Acta,
71(9), 2240–2249.
Ni, Y., Foster, G. L., Bailey, T., Elliott, T., Schmidt, D. N., Pearson, P., Haley, B.,
& Coath, C. (2007). A core top assessment of proxies for the ocean carbonate
system in surface-dwelling foraminifers. Paleoceanography, 22(3).
Nielsen, L. C., DePaolo, D. J., & De Yoreo, J. J. (2012). Self-consistent ion-by-
ion growth model for kinetic isotopic fractionation during calcite precipita-
tion. Geochimica et Cosmochimica Acta, 86, 166–181.
Nir, O., Vengosh, A., Harkness, J. S., Dwyer, G. S., & Lahav, O. (2015). Direct
measurement of the boron isotope fractionation factor: Reducing the uncer-
tainty in reconstructing ocean paleo-ph. Earth and Planetary Science Letters,
414, 1–5.
Noireaux, J., Mavromatis, V., Gaillardet, J., Schott, J., Montouillout, V.,
Louvat, P., Rollion-Bard, C., & Neuville, D. R. (2015). Crystallographic con-
trol on the boron isotope paleo-pH proxy. Earth and Planetary Science Letters,
430, 398–407.
Nürnberg, D., Bijma, J., & Hemleben, C. (1996). Assessing the reliability of
magnesium in foraminiferal calcite as a proxy for water mass temperatures.
Geochimica et Cosmochimica Acta, 60(5), 803–814.
Oomori, T., Kaneshima, H., Maezato, Y., & Kitano, Y. (1987). Distribution
coefficient of mg2+ ions between calcite and solution at 10–50 c. Marine
Chemistry, 20(4), 327–336.
References 193
Paillard, D., Labeyrie, L., & Yiou, P. (1996). Macintosh program performs
time-series analysis. Eos, Transactions American Geophysical Union, 77(39),
379–379.
Pak, D. K., Lea, D. W., & Kennett, J. P. (2004). Seasonal and interannual
variation in Santa Barbara Basin water temperatures observed in sediment
trap foraminiferal Mg/Ca. Geochemistry, Geophysics, Geosystems, 5(12).
Pearson, P. N. & Palmer, M. R. (2000). Atmospheric carbon dioxide concen-
trations over the past 60 million years. Nature, 406(6797), 695–699.
Penman, D. E., Hönisch, B., Zeebe, R. E., Thomas, E., & Zachos, J. C. (2014).
Rapid and sustained surface ocean acidification during the Paleocene-
Eocene Thermal Maximum. Paleoceanography, 29(5), 357–369.
Perdikouri, C., Putnis, C. V., Kasioptas, A., & Putnis, A. (2009). An atomic
force microscopy study of the growth of a calcite surface as a function of
calcium/total carbonate concentration ratio in solution at constant supersat-
uration. Crystal Growth & Design, 9(10), 4344–4350.
Rae, J. W., Foster, G. L., Schmidt, D. N., & Elliott, T. (2011). Boron isotopes
and b/ca in benthic foraminifera: proxies for the deep ocean carbonate sys-
tem. Earth and Planetary Science Letters, 302(3), 403–413.
Raitzsch, M., Dueñas-Bohórquez, A., Reichart, G. J., de Nooijer, L. J., & Bick-
ert, T. (2010). Incorporation of Mg and Sr in calcite of cultured benthic
foraminifera: Impact of calcium concentration and associated calcite satura-
tion state. Biogeosciences, 7(3), 869–881.
Rathmann, S., Hess, S., Kuhnert, H., & Mulitza, S. (2004). Mg/Ca ratios
of the benthic foraminifera Oridorsalis umbonatus obtained by laser ablation
from core top sediments: Relationship to bottom water temperature. Geo-
chemistry, Geophysics, Geosystems, 5(12).
Rausch, S., Böhm, F., Bach, W., Klügel, A., & Eisenhauer, A. (2013). Calcium
carbonate veins in ocean crust record a threefold increase of seawater Mg/Ca
in the past 30 million years. Earth and Planetary Science Letters, 362, 215–224.
194 References
Reeder, R. & Rakovan, J. (1999). Surface Structural Controls on Trace Element
Incorporation during Crystal Growth, chapter 6, (pp. 143–162). Springer Neth-
erlands.
Reeder, R. J., Nugent, M., Lamble, G. M., Tait, C. D., & Morris, D. E. (2000).
Uranyl incorporation into calcite and aragonite: XAFS and Luminescence
Studies. Environmental Science & Technology, 34(4), 638–644.
Ries, J. B. (2004). Effect of ambient Mg/Ca ratio on Mg fractionation in
calcareous marine invertebrates: A record of the oceanic Mg/Ca ratio over
the Phanerozoic. Geology, 32(11), 981–984.
Ries, J. B. (2010). Review: Geological and experimental evidence for sec-
ular variation in seawater Mg/Ca (calcite-aragonite seas) and its effects on
marine biological calcification. Biogeosciences, 7(9), 2795–2849.
Rink, S., Kühl, M., Bijma, J., & Spero, H. J. (1998). Microsensor studies of
photosynthesis and respiration in the symbiotic foraminifer Orbulina uni-
versa. Marine Biology, 131(4), 583–595.
Rollion-Bard, C. & Erez, J. (2010). Intra-shell boron isotope ratios in the
symbiont-bearing benthic foraminiferan amphistegina lobifera: Implications
for δ11B vital effects and paleo-pH reconstructions. Geochimica et Cosmochim-
ica Acta, 74(5), 1530–1536.
Rosenthal, Y., Boyle, E. A., & Slowey, N. (1997). Temperature control on the
incorporation of magnesium, strontium, fluorine, and cadmium into benthic
foraminiferal shells from Little Bahama Bank: Prospects for thermocline pa-
leoceanography. Geochimica et Cosmochimica Acta, 61(17), 3633–3643.
Ruiz-Agudo, E., Putnis, C. V., Kowacz, M., Ortega-Huertas, M., & Putnis, A.
(2012). Boron incorporation into calcite during growth: Implications for the
use of boron in carbonates as a pH proxy. Earth and Planetary Science Letters,
345-348, 9–17.
Russell, A. D., Emerson, S., Nelson, B. K., Erez, J., & Lea, D. W. (1994).
Uranium in foraminiferal calcite as a recorder of seawater uranium concen-
trations. Geochimica et Cosmochimica Acta, 58(2), 671–681.
References 195
Russell, A. D., Hönisch, B., Spero, H. J., & Lea, D. W. (2004). Effects of sea-
water carbonate ion concentration and temperature on shell U, Mg, and Sr
in cultured planktonic foraminifera. Geochimica et Cosmochimica Acta, 68(21),
4347–4361.
Sabine, C. L. & Feely, R. A. (2007). The oceanic sink for carbon dioxide.
Greenhouse gas sinks, 31.
Sabine, C. L., Feely, R. A., Gruber, N., Key, R. M., Lee, K., Bullister, J. L.,
Wanninkhof, R., Wong, C., Wallace, D. W., & Tilbrook, B. (2004). The oceanic
sink for anthropogenic CO2. Science, 305(5682), 367–371.
Sadekov, A., Eggins, S. M., De Deckker, P., & Kroon, D. (2008). Uncertain-
ties in seawater thermometry deriving from intratest and intertest mg/ca
variability in globigerinoides ruber. Paleoceanography, 23(1).
Sadekov, A. Y., Eggins, S. M., & De Deckker, P. (2005). Characterization of
Mg/Ca distributions in planktonic foraminifera species by electron micro-
probe mapping. Geochemistry, Geophysics, Geosystems, 6(12).
Salmon, K. H., Anand, P., Sexton, P. F., & Conte, M. (2016). Calcification and
growth processes in planktonic foraminifera complicate the use of B/Ca and
U/Ca as carbonate chemistry proxies. Earth and Planetary Science Letters.
Sandberg, P. A. (1983). An oscillating trend in Phanerozoic non-skeletal
carbonate mineralogy. Nature, 305(5929), 19–22.
Sanyal, A., Bijma, J., Spero, H., & Lea, D. W. (2001). Empirical relationship
between pH and the boron isotopic composition of Globigerinoides sacculifer:
Implications for the boron isotope paleo-pH proxy. Paleoceanography, 16(5),
515–519.
Sanyal, A., Hemming, N., Hanson, G. N., & Broecker, W. S. (1995). Evidence
for a higher ph in the glacial ocean from boron isotopes in foraminifera.
Nature, 373(6511), 234.
Sanyal, A., Hemming, N. G., Broecker, W. S., Lea, D. W., Spero, H. J., &
Hanson, G. N. (1996). Oceanic pH control on the boron isotopic composition
196 References
of foraminifera: Evidence from culture experiments. Paleoceanography, 11(5),
513–517.
Sanyal, A., Nugent, M., Reeder, R. J., & Bijma, J. (2000). Seawater pH control
on the boron isotopic composition of calcite: evidence from inorganic cal-
cite precipitation experiments. Geochimica et Cosmochimica Acta, 64(9), 1551–
1555.
Segev, E. & Erez, J. (2006). Effect of Mg/Ca ratio in seawater on shell com-
position in shallow benthic foraminifera. Geochemistry, Geophysics, Geosys-
tems, 7(2).
Seki, O., Foster, G. L., Schmidt, D. N., Mackensen, A., Kawamura, K., &
Pancost, R. D. (2010). Alkenone and boron-based Pliocene pCO2 records.
Earth and Planetary Science Letters, 292(1âA˘S¸2), 201–211.
Shackleton, N., Wiseman, J., & Buckley, H. (1973). Non-equilibrium isotopic
fractionation between seawater and planktonic foraminiferal tests. Nature,
242(5394), 177–179.
Spero, H. J. (1988). Ultrastructural examination of chamber morphogenesis
and biomineralization in the planktonic foraminifer Orbulina universa. Mar-
ine Biology, 99(1), 9–20.
Spero, H. J. (1992). Do planktic foraminifera accurately record shifts in the
carbon isotopic composition of seawater ΣCO2? Marine Micropaleontology,
19(4), 275–285.
Spero, H. J. & DeNiro, M. (1987). The influence of symbiont photosynthesis
on the δ18O and δ13C values of planktonic foraminiferal shell calcite. Symbi-
osis, 4(1-3), 213–228.
Spero, H. J., Eggins, S. M., Russell, A. D., Vetter, L., Kilburn, M. R., & Hön-
isch, B. (2015). Timing and mechanism for intratest Mg/Ca variability in a
living planktic foraminifer. Earth and Planetary Science Letters, 409, 32–42.
Spero, H. J. & Parker, S. L. (1985). Photosynthesis in the symbiotic plank-
tonic foraminifer Orbulina universa, and its potential contribution to oceanic
primary productivity. The Journal of Foraminiferal Research, 15(4), 273–281.
References 197
Spero, H. J. & Williams, D. F. (1988). Extracting environmental information
from planktonic foraminiferal δ13C data. Nature, 335(6192), 717–719.
Stack, A. G. & Grantham, M. C. (2010). Growth rate of calcite steps as
a function of aqueous calcium-to-carbonate ratio: Independent attachment
and detachment of calcium and carbonate ions. Crystal Growth & Design,
10(3), 1409–1413.
Stanley, S. M. (2006). Influence of seawater chemistry on biomineralization
throughout Phanerozoic time: Paleontological and experimental evidence.
Palaeogeography, Palaeoclimatology, Palaeoecology, 232(2-4), 214–236.
Stanley, S. M. & Hardie, L. A. (1998a). Secular oscillations in the carbon-
ate mineralogy of reef-building and sediment-producing organisms driven
by tectonically forced shifts in seawater chemistry. Palaeogeography, Palaeocli-
matology, Palaeoecology, 144(1-2), 3–19.
Stanley, S. M. & Hardie, L. A. (1998b). Secular oscillations in the carbon-
ate mineralogy of reef-building and sediment-producing organisms driven
by tectonically forced shifts in seawater chemistry. Palaeogeography, Palaeocli-
matology, Palaeoecology, 144(1), 3–19.
Stanley, S. M. & Hardie, L. A. (1999a). Hypercalcification: Paleontology links
plate tectonics and geochemistry to sedimentology. GSA Today, 9(2), 1–7.
Stanley, S. M. & Hardie, L. A. (1999b). Hypercalcification: paleontology links
plate tectonics and geochemistry to sedimentology. GSA Today, 9(2), 1–7.
Stap, L. B., de Boer, B., Ziegler, M., Bintanja, R., Lourens, L. J., & van de Wal,
R. S. W. (2016). CO2 over the past 5 million years: Continuous simulation
and new δ11B-based proxy data. Earth and Planetary Science Letters, 439, 1–10.
Stoll, H. M., Schrag, D. P., & Clemens, S. C. (1999). Are seawater Sr/Ca
variations preserved in quaternary foraminifera? Geochimica et Cosmochimica
Acta, 63(21), 3535–3547.
Takagi, H., Kimoto, K., Fujiki, T., Kurasawa, A., Moriya, K., & Hirano, H.
(2016). Ontogenetic dynamics of photosymbiosis in cultured planktic fo-
raminifers revealed by fast repetition rate fluorometry. Marine Micropaleon-
tology, 122, 44–52.
198 References
Tang, J., Köhler, S. J., & Dietzel, M. (2008). Sr2+/Ca2+and44Ca/40Ca fraction-
ation during inorganic calcite formation: I. Sr incorporation. Geochimica et
Cosmochimica Acta, 72(15), 3718–3732.
Teng, H. H., Dove, P. M., & De Yoreo, J. J. (2000). Kinetics of calcite growth:
Surface processes and relationships to macroscopic rate laws. Geochimica et
Cosmochimica Acta, 64(13), 2255–2266.
Tesoriero, A. J. & Pankow, J. F. (1996). Solid solution partitioning of Sr2+,
Ba2+, and Cd2+ to calcite. Geochimica et Cosmochimica Acta, 60(6), 1053–1063.
Timofeeff, M. N., Lowenstein, T. K., da Silva, M. A. M., & Harris, N. B.
(2006). Secular variation in the major-ion chemistry of seawater: Evidence
from fluid inclusions in Cretaceous halites. Geochimica et Cosmochimica Acta,
70(8), 1977–1994.
Toyofuku, T., Matsuo, M. Y., De Nooijer, L. J., Nagai, Y., Kawada, S., Fujita,
K., Reichart, G.-J., Nomaki, H., Tsuchiya, M., & Sakaguchi, H. (2017). Proton
pumping accompanies calcification in foraminifera. Nature Communications,
8.
Tripati, A. K., Delaney, M. L., Zachos, J. C., Anderson, L. D., Kelly, D. C., &
Elderfield, H. (2003). Tropical sea-surface temperature reconstruction for the
early Paleogene using Mg/Ca ratios of planktonic foraminifera. Paleoceano-
graphy, 18(4).
Tripati, A. K. & Elderfield, H. (2004). Abrupt hydrographic changes in the
equatorial Pacific and subtropical Atlantic from foraminiferal Mg/Ca indic-
ate greenhouse origin for the thermal maximum at the Paleocene-Eocene
boundary. Geochemistry, Geophysics, Geosystems, 5(2).
Tripati, A. K., Roberts, C. D., & Eagle, R. A. (2009). Coupling of CO2 and
ice sheet stability over major climate transitions of the last 20 million years.
Science, 326(5958), 1394–1397.
Tripati, A. K., Roberts, C. D., Eagle, R. A., & Li, G. (2011). A 20 million year
record of planktic foraminiferal B/Ca ratios: Systematics and uncertainties
in pCO2 reconstructions. Geochimica et Cosmochimica Acta, 75(10), 2582–2610.
References 199
Trotter, J., Montagna, P., McCulloch, M., Silenzi, S., Reynaud, S., Mor-
timer, G., Martin, S., Ferrier-Pagès, C., Gattuso, J.-P., & Rodolfo-Metalpa,
R. (2011). Quantifying the pH "vital effect" in the temperate zooxanthellate
coral Cladocora caespitosa: Validation of the boron seawater pH proxy. Earth
and Planetary Science Letters, 303(3-4), 163–173.
Tyrrell, T. & Zeebe, R. E. (2004). History of carbonate ion concentration over
the last 100 million years. Geochimica et Cosmochimica Acta, 68(17), 3521–3530.
Uchikawa, J., Penman, D. E., Zachos, J. C., & Zeebe, R. E. (2015). Experi-
mental evidence for kinetic effects on B/Ca in synthetic calcite: Implications
for potential B(OH)4− and B(OH)3 incorporation. Geochimica et Cosmochimica
Acta, 150, 171–191.
Urey, H. C. (1947). The thermodynamic properties of isotopic substances.
Journal of the Chemical Society (Resumed), (pp. 562–581).
Urey, H. C. (1948). Oxygen isotopes in nature and in the laboratory. Science,
108(2810), 489–496.
Urey, H. C., Lowenstam, H. A., Epstein, S., & McKinney, C. R. (1951). Meas-
urement of paleotemperatures and temperatures of the upper Cretaceous of
England, Denmark and the Southeastern United States. Geological Society of
America Bulletin, 62(4), 399–416.
Van Heuven, S., Pierrot, D., Lewis, E., & Wallace, D. (2011). MATLAB pro-
gram developed for CO2 system calculations. ORNL/CDIAC-105b. Carbon
dioxide information analysis center, Oak Ridge National Laboratory, US De-
partment of Energy, Oak Ridge, Tennessee.
Vetter, L., Kozdon, R., Mora, C. I., Eggins, S. M., Valley, J. W., Hönisch, B.,
& Spero, H. J. (2013). Micron-scale intrashell oxygen isotope variation in
cultured planktic foraminifers. Geochimica et Cosmochimica Acta, 107, 267–
278.
Vetter, L., Kozdon, R., Valley, J. W., Mora, C. I., & Spero, H. J. (2014). Sims
measurements of intrashell δ13C in the cultured planktic foraminifer Or-
bulina universa. Geochimica et Cosmochimica Acta, 139, 527–539.
200 References
von Strandmann, P. A. P. (2008). Precise magnesium isotope measurements
in core top planktic and benthic foraminifera. Geochemistry Geophysics Geo-
systems, 9(12), Q12015.
Weiner, S. & Dove, P. M. (2003). An overview of biomineralization processes
and the problem of the vital effect. Reviews in Mineralogy and Geochemistry,
54(1), 1–29.
Wolf-Gladrow, D. A., Bijma, J., & Zeebe, R. E. (1999). Model simulation
of the carbonate chemistry in the microenvironment of symbiont bearing
foraminifera. Marine Chemistry, 64(3), 181–198.
Wombacher, F., Eisenhauer, A., Heuser, A., & Weyer, S. (2009). Separation
of mg, ca and fe from geological reference materials for stable isotope ratio
analyses by mc-icp-ms and double-spike tims. Journal of Analytical Atomic
Spectrometry, 24(5), 627–636.
Yu, J., Anderson, R. F., Jin, Z., Rae, J. W., Opdyke, B. N., & Eggins, S. M.
(2013). Responses of the deep ocean carbonate system to carbon reorganiza-
tion during the last glacial–interglacial cycle. Quaternary Science Reviews, 76,
39–52.
Yu, J., Elderfield, H., & Hönisch, B. (2007). B/Ca in planktonic foraminifera
as a proxy for surface seawater pH. Paleoceanography, 258(1), 73–86.
Zachos, J., Pagani, M., Sloan, L., Thomas, E., & Billups, K. (2001). Trends,
rhythms, and aberrations in global climate 65 ma to present. Science,
292(5517), 686–693.
Zachos, J. C., Quinn, T. M., & Salamy, K. A. (1996). High-resolution (104
years) deep-sea foraminiferal stable isotope records of the Eocene-Oligocene
climate transition. Paleoceanography, 11(3), 251–266.
Zachos, J. C., Röhl, U., Schellenberg, S. A., Sluijs, A., Hodell, D. A., Kelly,
D. C., Thomas, E., Nicolo, M., Raffi, I., Lourens, L. J., McCarren, H., &
Kroon, D. (2005). Rapid acidification of the ocean during the Paleocene-
Eocene Thermal Maximum. Science, 308(5728), 1611–1615.
References 201
Zeebe, R. & Wolf-Gladrow, D. (2001). CO2 in seawater: Equilibrium, kinetics,
isotopes. Gulf Professional Publishing, No. 65.
Zeebe, R. E., Bijma, J., & Wolf-Gladrow, D. A. (1999). A diffusion-reaction
model of carbon isotope fractionation in foraminifera. Marine Chemistry,
64(3), 199–227.
Zeebe, R. E. & Sanyal, A. (2002). Comparison of two potential strategies of
planktonic foraminifera for house building: Mg2+ or H+ removal? Geochim-
ica et Cosmochimica Acta, 66(7), 1159–1169.
Zeebe, R. E., Wolf-Gladrow, D. A., Bijma, J., & Hönisch, B. (2003). Vital
effects in foraminifera do not compromise the use of δ11B as a paleo-pH
indicator: Evidence from modeling. Paleoceanography, 18(2).
Zhong, S. & Mucci, A. (1989). Calcite and aragonite precipitation from sea-
water solutions of various salinities: Precipitation rates and overgrowth com-
positions. Chemical geology, 78(3-4), 283–299.
